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Health Effects and Sources of Indoor Air Pollution. Part I1'-*
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Health Effects of Indoor Air
Pollution (Cont'd)
Biological Agents
Introduction. Numerous and diverse bi-
ological agents that cause human disease

AM REV RESPIR DIS 1988; 137:221-242

are present inindoor air. Mechanisms of
disease pathogenesis are now well under-
stood for many of these agents; they pro-
duce illness primarily through infection
of the respiratory tract and through im-
mune responses. Because of the diversity
of these agents and their associated ill-
nesses, this review will address only
selected and illustrative examples of the
health effects of biological agents in in-
door air. More detailed treatments are
included in the National Research Coun-
cil’s report on indoor air (15) and in other
recent publications (19-24). Withregard
to immunologically mediated diseases,
we review hypersensitivity pneumonitis
and humidifier fever and the role of
selected biological agents in the etiology
and exacerbation of asthma. We will also
briefly consider 2 problems of infection
associated with indoor air: the transmis-
sion of Legionnaires’ disease and infec-
tion with Aspergillus through contami-
nation of hospital and office environ-
ments.

Exposure to Biological Agents. Myriad
biological agents may contaminate the
air within a home, office, or other indoor
environment. The most prevalent are
viruses, bacteria, actinomycetes, fungal
spores, algae, amoebae, arthropod frag-
ments and droppings, and animal and
human dander (244, 245). In homes and
in other environments, moisture is criti-
cal for the growth of microorganisms.
Humidifiers, air conditioning systems,
and areas of water damage may provide
a suitable environment for proliferation
of microorganisms. The initial coloniza-
tion may be from outdoor or indoor
sources or from organisms in the water.

Most bacteria in indoor air originate
from humans, whereas most fungi in in-
door air originate from spores from out-
door sources (15, 245). Many indoor en-
vironments provide sufficient moisture
and an appropriate temperature for the
growth of fungi, bacteria, mites, and
other biological agents. Moist surfaces
of leather, wood, and plaster, soaps,

greases and some oils, cloth fabrics, pa-
per, and some pastes and glues can sup-
port growth of microorganisms, as can
wicker baskets and chairs, and ornamen-
tal plants. Moist locations within a home
include bathrooms, damp or periodically
flooded basements, and areas with wa-
ter leaks. The evaporation pans of
refrigerators, shower heads, and hot tubs
have also been identified as possible
sources of bacteria (245).
Concentrations of microorganisms in
the indoor environment have not been
well-characterized. Standardized sam-
pling methods have not been developed,

This is Part I of two parts; the first part appeared
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and collection efficiency for biological
particles would be expected to vary with
particle size and density and with the aero-
dynamics of the sampling method. Fur-
ther variation in concentration will arise
from cycles of proliferation and of the
physical forces that place organisms into
the air. Thus, reports on concentrations
as numbers of colony-forming units (cfu)
per cubic meter cannot be interpreted
without knowledge of the specific spe-
cies, the efficiency of collection by the
sampling apparatus, and the conditions
under which sampling was performed.

Hypersensitivity Pneumonitis and Hu-
midifier Fever. In 1970, Banaszak and
coworkers (246) reported that 4 of 27
workers in one office had developed
hypersensitivity pneumonitis from ex-
posure to thermophilic actinomycetes
contaminating an air-conditioning sys-
tem. Subsequently, hypersensitivity pneu-
monitis and humidifier fever, an influenza-
like syndrome without prominent pulmo-
nary manifestations, have been described
in association with contaminated air
treatment systems in offices, homes, and
automobiles (247-249).

A wide range of biological sources for
potentially sensitizing antigens has been
described, including thermophilic ac-
tinomycetes, diverse fungi, bacteria,
amoebae, and nematodes. In some out-
breaks, a specific antigenic exposure un-
derlying the illness could not be identi-
fied (250-253). The offending antigens
have been introduced into indoor en-
vironments through central and room hu-
midifiers (252, 254-257), contaminated
heating and cooling systems (246, 251,
258, 259), moisture-damaged building
materials (260), cool mist vaporizers used
in the home (250), and automobile air
conditioning systems (261).

The literature on hypersensitivity
pneumonitis and humidifier fever con-
sists primarily of individual case reports
and small series from identified out-
breaks. While these studies do not ad-
dress the overall prevalence and incidence
of these illnesses, they do provide com-
prehensive clinical descriptions. As with
hypersensitivity pneumonitis, associated
with other exposures, both acute and
chronic forms may result from exposure
to indoor antigens (252). Persons with
the acute form characteristically have fe-
ver, chills, cough, and dyspnea after ex-
posure. In the more chronic form, pa-
tients may present with progressive dys-
pnea and lung function impairment. The
diagnosis of either form is based on the
clinical history, evidence of exposure, the

presence of precipitating antibodies to
environmental antigens, response to in-

~ halation challenge, and improvement

with cessation of exposure. Precipitating
antibodies may be present in exposed but
unaffected persons, however.

Asthma. Both outdoor and indoor air
pollutants have long been considered as
important in the etiology and exacerba-
tion of asthma. In a home, components
of house dust, animal proteins, and fun-
gal spores may provoke asthma through
immediate hypersensitivity (262-264). In
an office, aeroallergens and irritant
agents may be present. Pollens and molds
from outdoor sources may penetrate into
the home, office, and other environ-
ments.

While qualitative and quantitative
aspects of aeroallergens in indoor air have
been well described, their contribution
to asthma has been more difficult to
characterize. Epidemiologic studies have
been conducted to examine the relation-
ship between the severity of asthma and
exposure to aeroallergens and other in-
door pollutants (for example, see 198,
199). However, the results of these studies
are limited by the difficulties of monitor-
ing personal exposures to pollutants and
of separating the effects of the many fac-
tors that influence asthma’s severity. A
detailed presentation of these studies is
beyond the scope of the present review.
Comprehensive discussions of the aero-
allergens in indoor air can be found in
the National Research Council’s report
on indoor pollutants (15) and in recent
reviews by Reed and coworkers (263) and
Ausdenmoore and Fischer (264).

We briefly consider the data on house
dust mites and asthma because this anti-
gen has been intensively investigated and
the literature is illustrative. House dust
mites live in mattresses and furniture
stuffing, and their numbers tend to in-
crease with the environment’s humidity
(264, 265). The mite, Dermatophagoides
pteronyssinus, has been shown to be
highly prevalent in homes in Europe, and
this species as well as Dermatophagoides
farinae have been found in houses in the
United States (266-268). The major al-
lergen of D. pteronyssinus has been desig-
nated as antigen P,. This potent allergen
may be found in high concentrations in
dust from beds and floors; airborne lev-
els in homes with undisturbed dust are
quite low but increase with domestic ac-
tivity (269, 270).

Clinical studies provide convincing evi-
dence that inhalation of house dust con-
taminated with mites causes asthma

May be protected by Copyright Law (Title 17 US Code)
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(271). However, the prevalence of house-
dust-mite-related asthma has not been es-
tablished through appropriate population-
based studies. Increased exposure has
been associated with a greater risk of
asthma in adults (272). Preventive meas-
ures, including frequent cleaning, re-
moval of carpeting, pillows, and quilts
with feathers, and covering mattresses
with plastic reduce the concentrations of
mites in house dust (271, 273). Some clin-
ical trials suggest benefits from these
measures in children and adults, although
the studies are not uniformly positive
(274-279).

Legionnaires’ Disease. Legionnaires’
disease refers to acute bacterial infection
with Legionella pneumophila. The clini-
cal features and many aspects of the
epidemiology of Legionnaires’ disease
have been well characterized (280). Both
epidemic and sporadic cases may result
from contamination of indoor air with
Legionella pneumophila. Because Legion-
naires’ disease exemplifies the spread of an
infectious illness by air treatment systems,
we will consider representative outbreaks.

Legionella pneumophila has been iso-
lated from water sampled from cooling
towers and evaporative condensers,
devices used to cool water for buildings
(281). Failure to treat the water with ap-
propriate disinfectants may permit the
growth of microbial agents, including the
Legionnaires’ disease bacterium. Out-
breaks of Legionnaires’ disease have been
described in association with contami-
nated air treatment equipment in hospi-
tals and offices. The 1976 epidemic in
Philadelphia has been attributed to air-
borne transmission of the bacterium, al-
though its source has never been identi-
fied (282). More convincing evidence of
airborne transmission has been obtained
from other outbreaks, however. Dondero
and coworkers (283) described a 2-
month-long outbreak in those in contact
with a single hospital as patients, visi-
tors, employees, or passersby. Legionella
pneumophila was present in water in an
auxiliary cooling tower in use during this
time; the aerosol that drifted away from
the tower entered the hospital’s ventila-
tion system and also dropped into the
street below.

In an outbreak in a new sealed office
building in San Francisco, at least 14 of
1,000 workers developed Legionnaires’
disease over a 2-wk period (284). Le-
gionella pneumophila was grown from
water samples taken from the building’s
air-conditioning cooling tower, and fur-
ther cases were not observed after the
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:QOling tower was disinfected. Airborne
bp§€a§ of the bacterium within single
bulldmgs has probably led to other out-

reaks as well (285-288).
ea1\Iosocomial cases of Legionnaires’ dis-
so?e have also been attributed to aero-
d S generated by respiratory therapy

evices (289). Hospital water supplies
may become contaminated with Legion-
ella pneumophila (290, 291), and the or-
ganism has been cultured from plumb-
ing fixtures, such as shower heads 292~
294)._ The mechanism by which pneu-
Mmonia is acquired from these waterborne
organisms has not been identified, but
aerosolization and contamination of in-
door air seem plausible.

A_spergillus Infections. Nosocomial in-
fections with Aspergillus species also il-
1u§tr?.te the potential for disease trans-
mission through ventilation systems. Pa-
tients with defects of cell-mediated
l'mmunity are particularly vulnerable to
infection by these organisms. Outbreaks
of Aspergillus infection have been de-
Scx.:lbed in hospitalized patients in associ-
ation with airborne spread related to in-
adeguate ventilation systems (295), con-
?armnated ventilation systems (296, 297),
improperly functioning ventilation sys-
tems (298), construction activity (299),
and building materials (300).

Formaldehyde
Introduction. The recent recognition of
numerous sources of formaldehyde inin-
door environments has raised widespread
concern about the health hazards of this
pollutant. A colorless volatile gas with
a characteristic odor, formaldehyde is
pighly soluble in water and thus irritat-
ing to the mucous membranes of the eyes
a_nd upper respiratory tract. The public
first became aware of possible health ef-
fects of formaldehyde through reports
that residents of homes insulated with
urea formaldehyde foam insulation
(UFF]) experienced a wide variety of
symptoms that were attributed to release
of formaldehyde from this material. Al-
’ghough use of UFFI has virtually ceased
in the United States and Canada, con-
cern remains about the health effects of
formaldehyde because of its widespread
use in industrial processes, building
materials, and consumer products. The
1981 report of the Committee on Alde-
hydes of the National Research Council
(301) and the 1983 report of the Con-
sensus Workshop on Formaldehyde (302)
provide recent assessments of formalde-
hyde’s toxicity, and L’Abbe and Hoey

(303) have reviewed the health effects of
UFFL

Exposure. Formaldehyde has many
sources in the home: paper products,
floor coverings, carpet backings, adhe-
sive binders, permanent-press clothing,
tobacco smoking, combustion processes,
resins, and cosmetics. Particularly high
concentrations may result from the use
of UFF], a resin of urea, formaldehyde,
and water. UFFI can be used to insulate
already constructed homes and as many
as 200,000 homes in the United States
may have been insulated with this mate-
rial in 1980 (15). After installation UFFI
releases formaldehyde for a short time
as it hardens. If the UFFI is impropetly
cured, release of formaldehyde may be
sustained and may take place in large
quantities.

Godish (304) monitored for formalde-
hyde in residences with and without
UFFI. Concentrations in the homes with
UFFI ranged from 0.02 to 0.13 ppm,
whereas in the homes without UFFI they
ranged from 0.03 to 0.07 ppm. Georghiou
and coworkers (305) measured formal-
dehyde in 44 homes with UFFI and in
6 control homes. The homes with UFFI
more recently installed tended to have
higher concentrations. Eighty-four per-
cent of the repeated measurements in
such homes exceeded 0.06 ppm. In homes
with UFFI installed more than 3 yr prior
to monitoring, only 720 of the formal-
dehyde concentrations exceeded 0.06
ppm, whereas in homes with UFFI in-
stalled more recently, 58% of the sam-
ples exceeded 0.1 ppm.

Mobile homes are constructed with
large quantities of particle board, which
is manufactured with formaldehyde-
containing adhesive binders. As a result
of this construction method, formalde-
hyde concentrations tend to be higher in
mobile homes than in conventional

TABLE 9
ACUTE HUMAN HEALTH EFFECTS OF FORMALDEHYDE AT VARIOUS GCONCENTRATIONS™
Formaldehyde Concentration

Reported Effects (ppm)
None reported 0.0-0.5
Neurophysiologic effectsT 0.05-1.5
Odor threshold 0.05-1.0
Eye irritation 0.01-2.0
Upper airway jrritation 0.10-25
Lower airway and puimonary

effects 5-30
Pulmonary edema, inflammation,

pneumonia 50-100
Death > 100

* Adapted from table 7-2 in reference 301.
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homes. In several studies, formaldehyde
levels have been surveyed in mobile
homes and have been found to greatly
exceed those found in conventional
homes. In a survey of mobile homes in
Texas, Stock and coworkers (306) re-
ported integrated concentrations ranging
from less than 0.02 to 0.78 ppm. Dally
and colleagues (307) studied mobile
homes whose residents were concerned
about formaldehyde exposure and found
that 50% of the values were greater than
0.47 ppm and that the range was as high
as 3.6 ppm.

Numerous potential sources of form-
aldehyde exist in office buildings, includ-
ing insulation, new furniture and furnish-
ings, carpets, carbonless copy paper, and
cigarette smoke. Formaldehyde has been
measured infrequently in office build-
ings, and then usually as part of an evalu-
ation of building-related illness. Breysse
(308), summarizing data from 20 health
hazard evaluations conducted in Wash-
ington, reported that concentrations
ranged from 0.01 to 0.30 ppm. While
formaldehyde has been implicated as the
causative agent in about 4% of episodes
of building-related illness investigated by
the National Institute of Occupational
Safety and Health (309), concentrations
in these episodes have been well below
the permissible exposure level established
by the Occupational Safety and Health
Administration.

Health Effects. Both acute and chronic
health effects have been associated with
formaldehyde exposure. A variety of
short-term signs and symptoms are com-
monly accepted as causally related to ex-
posure; some 0ccur at levels that have
been measured in residential air (table 9).
The wide range of concentrations at
which individual symptoms occur sug-
gests a large variation in individual sen-
sitivity to formaldehyde. As would be an-

t As measured by determination of optical chronaxy, electroencephalography, and sensitivity of dark-adapted eyes to light.

% The low concentration (0.01 ppm) was observed in the presence of other pollutants that may have been acting synargistically.
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TABLE 10
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SURVEYS OF OCCUPANTS LIVING OR WORKING IN MOBILE HOMES OR HOMES WITH UFFI

Study Population

Findings
(%)

Comments

424 adults, 99 children
living in 334 mobile
homes. Comptaint in-
vestigations,* Washington
State (310)

256 adults and children
living in 65 mobile homes
or 35 other structures.
Complaint investigations,*
Wisconsin (307)

162 residents of 68 homes
with UFFI. Complaint
investigations,*
Connecticut (311)

Unknown number of
residents in 443 families
living in mobile homes.
Complaint investigations,*
Texas (312)

1,396 residents of UFFI
homes; 1,395 residents of
non-UFFI homes.
Retrospective cohort,
New Jersey (313)

70 exposed employees
of 7 mobile home care
centers; 34 nonexposed
employees of 3 permanent
structures, Denmark (314)

21 exposed workers in
mobile home office, 18
nonexposed workers in
another office, lllinois
(315)

Eye irritation: A, 58; C, 41
Throat irritation: A, 66; C, 62
Chronic headache: A, 40; C, 16
Chronic cough: A, 9; C, 33

Memory lapse/drowsiness: A, 24; C, 7

Eye irriation:

Throat irritation:
Headache:

Cough:

Difficulty sleeping:
Wheezing:

Eye irritation:
Nose/throat/lung irritation:
Headache:

No apparent relationship between

68
57
53
51
38
20

39
48
17

symptoms and crude formaldehyde

level

No difference in symptom prevalence
in families living in homes with and

without detectable levels

Exposed more likely to report
wheezing than nonexposed:

Wheezing:

Exposed,
Nonexposed,

Burning skin:
Exposed,
Nonexposed,

Subgroup in whose homes odor
persisted > 7 days after foam
installed, had higher symptom
incidence

Exposed reported significantly more
symptoms than did nonexposed.

Menstrual irregularities:
Exposed,
Nonexposed,

Excessive thirst:
Exposed,
Nonexposed,

Eye irritation:
Exposed,
Nonexposed,

Headache:
Exposed,
Nonexposed,

Exposed reported significantly more

symptoms.
Eye irritation:
Exposed,
Nonexposed,
Throat irritation:
Exposed,
Nonexposed,
Fatigue:
Exposed,
Nonexposed,
Headache:
Exposed,
Nonexposed,

No difference in pulmonary function

0.6
0.1

0.7
0.1

55
15

80
50

81
17

57
22

81
22

76
i1

Formaldehyde levels: 0.03 to
1.77 ppm; no control
group; exposure-response
not examined

Formaldehyde levels: 0.0 to
3.68 ppm; no controt
group; exposure-response
not examined

Faormaldehyde levels: 0.0 to
10 pg/L, with
detectable and
nondetectable [evels

Formaldehyde levels: 0.0 to
8 ppm; comparison of
homes with detectable
and nondetectable levels

Population-based study;
formaldehyde
concentrations not
measured

Formaldehyde levels in
mobile day care centers:
0.24 to 0.55 ppm;
permanent structures:
0.05 to 0.11 ppm

Formaldehyde levels in
offices ranged from
0.12 to 1.6 ppm

Definition of abbreviations: A = adults; C = children.
* Complaint investigations were instigated at residents’ requests.
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ticipated from the high water solubility
of formaldehyde, acute mucous mem-
brane and eye irritation are the most com-
monly reported symptoms in residents of
mobile homes and homes insulated with
UFFI (table 10). Many questions still re-
main, however, concerning other acute
and chronic health effects of formalde-
hyde: human carcinogenicity, nonmalig-
nant effects on the respiratory tract, and
neurobehavioral impairment. Data on
these issues derive largely from surveys
of residents of mobile homes and homes
insulated with UFFI (table 10), and from
epidemiologic and clinical investigations
of occupationally exposed workers.

Cancer. In 1979, the Chemical Indus-
try Institute of Toxicology reported that
rats exposed to formaldehyde developed
nasal cancer, a tumor rarely found in con-
trol animals (316). This malignancy de-
veloped in 103 of 206 rats exposed to a
concentration of 14 ppm and 2 of 235
rats exposed at 5.6 ppm. This first report
of formaldehyde carcinogenicity in an
animal model, which has subsequently
been independently replicated (317),
stimulated the rapid performance of
epidemiologic investigations (table 11).

Because of its high water solubility,
formaldehyde is primarily deposited in
the upper respiratory tract, and cancer
in this region is of primary concern.
Halperin and coworkers (329) reported
acase of nasal cancer in a worker exposed
to formaldehyde for 25 yr in the textile-
finishing industry. However, epidemio-
logic studies of mortality among formal-
dehyde-exposed professional and indus-
trial groups have not provided consistent
evidence of an association between form-
aldehyde exposure and upper respiratory
tract cancer.

Retrospective cohort studies of form-
aldehyde-exposed workers have not shown
an excess of nasal cancer (table 3) (323,
325-328). However, even the largest of
these cohort studies (327) had only limited
statistical power (80%), as calculated by
the investigator, to detect a fourfold in-
crease in risk for this rare cancer. Addi-
tionally, follow-up periods in these studies
may have been too short if nasal cancer
does not occur in excess until long after
first exposure.

Several case-control studies of the as-
sociation between formaldehyde ex-
posure and nasal cancer have now been
perfformed. In a hospital-based case-
control study in the United States, Brin-
ton and coworkers (330) demonstrated
an association between nasal cancer and
previous employment in the textile indus-

TABLE 11
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STUDIES OF FORMALDEHYDE-EXPOSED COHORTS AND CANCER

Study

Findings

Comments

Cohort study of pathologists,
Great Britain (318)

Proportional mortality
study of embalmers,
New York (319)

Proportional mortality
study of embalmers,
California (320)

Cohort study of pathologists,
Great Britain (321)

Cohort study of anatomists,
USA (322)

Cohort study of undertakers,
Canada (323)

Proportional mortality
study of chemical plant
employees, Massachusetts
(324)

Cohort study of chemical
plant employees, USA (325)

Cohort study of chemical
plant employees, Great
Britain (326)

Cohort study of industrial
workers with formaldehyde
exposure, USA (327)

Cohort study of garment
workers, USA (328)

SMR elevated for lymphoma
and hematopoietic neoplasms
(211) but not for leukemia

PMR significantly elevated

for cancers of skin (221)

and colon (143); nonsignificantly
for cancers of brain (156) and
kidney (150), and leukemia (140)

PMR significantly elevated
for cancers of colon (188),
brain (191), and prostate
(176), and leukemia (174);
nonsignificantly for bladder
cancer (138)

SMR significantly elevated
for brain cancer (300) but
not for lymphoma

SMR elevated for brain cancer
(271, 95% ClI = 130-499) and
leukemia (148, 95% CI =
71-272)

SMR nonsignificantly elevated
for brain cancer (115) and
leukemia (160)

PMR nonsignificantly elevated
for cancers of digestive

organs (152) among formalde-
hyde-exposed workers. No data
reported on brain cancer and
leukemia

SMR significantly elevated
for cancers of genitourinary
tract (169). SMR for leukemia
not elevated. No data for
brain cancer

SMR for lung cancer significantly
elevated (124) in 1 of 6 men
most highly exposed

SMR significantty elevated for
nasopharyngeal cancer (318).
SMR nonsignificantly elevated
for lung cancer (111) and
Hodgkin's disease (142)

SMR significantly elevated for
buccal cavity (343) and
connective tissue cancer (364)

Less than 10% of cohort
deceased; less than 20
yr of follow-up

Less than 5% of cohort
deceased; 6 yr of
follow-up

Excess brain cancer
persisted when
psychiatrists used

as a reference group

20 yr of follow-up

No evidence of trend of
mortality in relation
to expostre

Case-control study within
cohort showed no
association between

GU cancer and a general
plant exposure

Retrospactive assessment
made of level of exposure

Largest study reported
to date; retrospective
assessment of exposure
level

Retrospective assessment
of exposure level

Definition of abbreviations: SMR = standardized mortality ratio; PMR = proportional mortality ratio.

try, an industry in which use of formal-
dehyde is widespread. They also found,
however, that cases reported a history of
formaldehyde exposure less frequently
than did control subjects. A population-
based case-control study of nasal cancer
in Norway failed to show an association
with occupations classified as involving
potential exposure to formaldehyde (331),
although the study was not originally de-
signed to investigate formaldehyde’s role.
Because study subjects had not been
asked directly about previous formalde-
hyde exposure, an industrial hygienist
evaluated the occupational histories col-

lected by interview and made a judgment
on the likelihood of exposure for each
subject. Vaughan and colleagues (332)
employed a similar method of exposure
assessment in a population-based study
in western Washington. No association
was detected between jobs with poten-
tial formaldehyde exposure and cancers
of the pharynx, sinus, or nasal cavity.

In contrast, 2 other case-control
studies have demonstrated a positive as-
sociation between nasal cancer and
potential formaldehyde exposure. In are-
cent Danish case-control study of nasal
cancer, a list of patients with nasal can-
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cer ascertained through a cancer registry
was linked to employment data from a
national pension fund that has covered
all employees in Denmark since 1964
(333). Exposure was determined using a
method similar to that employed in the
Norwegian study. The investigators re-
ported an association between nasal can-
cer and jobs with potential for formal-
dehyde exposure (relative risk = 2.8, for
both males and females; 95% confidence
interval = 1.8 to 4.3 for males and 0.5
to 14.3 for females). Adjustment for ex-
posure to wood dust, which is associated
with both nasal cancer and formaldehyde
exposure, decreased the relative risk to
1.6 for males (95% confidence intervals
= 0.7 to 3.6).

Hayes and coworkers (334) in the
Netherlands studied 91 men with cancer
of the nasal cavity and paranasal sinuses
and 195 male control subjects. Potential
formaldehyde exposure was assessed in-
dependently by 2 industrial hygienists
who reviewed job histories obtained by
interview. The relative risk for the associ-
ation between formaldehyde exposure
and nasal cancer was 1.9 or 2.5, depend-
ing on which industrial hygienist’s assess-
ment was used. The relative risk was
highest for men with squamous cell car-
cinoma who had any exposure to form-
aldehyde but little or no exposure to wood
dust (relative risk = 1.9 or 3.0).

Although the majority of studies per-
formed to date have considered only oc-
cupational sources of formaldehyde ex-
posure, a study of the relationship be-
tween residential formaldehyde exposure
and nasal cancer has recently been
reported. Vaughan and coworkers (335),
in addition to obtaining job histories,
also inquired about subjects’ residential
exposures to formaldehyde, including
whether the subjects had ever lived in a
mobile home. No association was found
between residence in a mobile home and
cancers of the oropharynx or hypopharynx
or of the sinus and nasal cavity. How-
ever, an increased risk of nasopharyn-
geal cancer was associated with living in
a mobile home. Residence in a mobile
home for 1 to 9 yr was associated with
arelative risk of 2.1 (95% confidence in-
terval = 0.7, 6.6); the risk increased to
5.5 (95% confidence interval = 1.6, 19.4)
when residence exceeded 9 yr. Although
based on only 8 exposed cases of naso-
pharyngeal cancer, the association per-
sisted after control for confounding by
cigarette smoking and race.

Although an excess of nasal cancer has
not been demonstrated in cohort studies
of formaldehyde-exposed industrial

workers, 2 recent studies provide evidence
of a possible relationship between form-
aldehyde and buccal-pharyngeal cancer.
Blair and coworkers (327) studied more
than 26,000 workers employed in 10
different plants where formaldehyde was
either used or produced. They reported
a statistically significant excess of
nasopharyngeal cancers (SMR = 318)
and a nonsignificant excess of oropharyn-
geal cancer (SMR = 192), although there
was no overall excess of buccal-pharyn-
geal cancers. Excesses of buccal cavity
(SMR = 343), but not pharyngeal (SMR
= 113) cancer, were noted by Stayner and
colleagues (328) in a cohort study of gar-
ment workers exposed to formaldehyde.
Unlike rats, humans breathe through
their mouths as well as their noses. Thus,
the buccal cavity may be a biologically
plausible site for formaldehyde-induced
cancer in humans.

The occurrence of lung cancer has also
been examined in the formaldehyde-
exposed cohorts, and an excess of lung
cancer has been reported for 2 of the
populations. Acheson and coworkers
(326) studied 7,000 men employed in 6
different chemical and plastics factories.
They found a 24% increase in lung can-
cer in one of the factories when national
mortality rates were used as the standard
of comparison but no significant increase
when local rates were used. However, the
Iung cancer risk was greatest among men
who started employment between 1935
and 1946, when exposures were highest.
Additionally, the standardized mortality
ratio was elevated only among men in the
high exposure category. Blair and col-
leagues (327) reported a small and non-
statistically significant excess of lung can-
cer (the SMR was 111 for exposed work-
ers, 93 for nonexposed workers). There
was a statistically significant 32% in-
crease among workers with more than 20
yr since first exposure. However, the in-
vestigators discounted the significance of
this finding, noting that the excess did
not increase with estimates of intensity
or duration of exposure, or with cumu-
lative exposure. Other studies have not
found excess lung cancer in formalde-
hyde-exposed populations (319-324).

Cancers of other sites have also been
examined in these investigations. Studies
of embalmers (319, 320, 323), anatomists
(322), and pathologists (318), but not of
formaldehyde-exposed industrial work-
ers (325-328, 336), have demonstrated
significant excesses of brain cancer; ex-
cessive leukemia has also been found in
embalmers (319, 320, 323), anatomists
(322), and garment workers (328). Small
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excesses of Hodgkin’s disease (327) and
prostate (320), skin (319), kidney (319),
connective tissue (328), and digestive sys-
tem (319, 320, 324) cancers have been
reported from individual studies, but they
have not been confirmed by other inves-
tigations. Formaldehyde is rapidly metab-
olized and cleared from plasma; thus, the
hypothesis that it causes cancer at sites dis-
tant from the point of absorption does not
have strong biological plausibility (302).

At present, the epidemiologic data on
the human carcinogenicity of formalde-
hyde are variable, and definitive conclu-
sions cannot be reached. Formaldehyde
exposure of subjects was not directly as-
sessed in any of the studies; use of in-
direct measures may introduce random
misclassification and reduce risk esti-
mates towards unity, regardless of study
design. Most of the cohort studies are
limited by short duration of follow-up
and by inadequate statistical power be-
cause of small sample sizes and small
numbers of deaths. The case-control ap-
proach is appropriate for evaluating
causes of a rare disease, such as nasal can-
cer. However, accurate retrospective
documentation of exposure may be dif-
ficult. The proportional mortality meth-
od, used by Walrath and Fraumeni (319),
Walrath (320), and Marsh (324), has
inherent methodologic limitations (337);
apparent excesses in one cause of death
may be due to deficits in another. Fur-
ther epidemiologic studies of the rela-
tionship between residential formaldehyde
exposure and cancer should be undertaken.

Because the epidemiologic data are
preliminary and inconsistent, risk assess-
ment procedures have been used to de-
scribe the hazards of formaldehyde ex-
posure. The Risk Estimation Panel of the
Consensus Workshop on Formaldehyde
(302) recommended that the epidemio-
logic data not be used for risk estima-
tion and concluded that the animal data
on nasal cancers were satisfactory for this
purpose. Risk estimation requires the se-
lection of a model to extrapolate from
observed effects at high doses to the lower
doses anticipated from human exposures
at which effects cannot be directly iden-
tified. The choice of a particular risk as-
sessment model may have a profound in-
fluence on the apparent risk of formal-
dehyde. The widely contrasting models
and risk assessments recently published
by the Chemical Industry Institute of
Toxicology (338, 339) and by the Con-
sumer Product Safety Commission (340)
are illustrative.

The Risk Estimation Panel of the Con-
sensus Workshop (302) proposed that
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formaldehyde should not be considered
to have a threshold for cancer induction,
but it did not strongly support any par-
ticular risk estimation model. Panel
members agreed that the animal data
from the Chemical Industry Institute of

Toxicology Study were best described by -

anonlinear model, but they were not able
to specify the most appropriate nonlinear
model. Different nonlinear models may
produce differing estimates of risk at low
doses, however. The panel considered
that a simple linear model would provide
a conservative upper bound for the risk
at lower doses. Further research may pro-
vide new insight concerning the most
suitable model and reduce the uncertain-
ties concerning the human carcinogenic-
ity of formaldehyde.

Nonmalignant Respiratory Effects. On
the basis of studies of occupationally and
domestically exposed populations, form-
aldehyde has been reported to cause ex-
cess respiratory symptoms, acute and
chronic reductions of lung function level,
and asthma. However, the evidence from
these investigations is inconclusive.

Questionnaire surveys of symptoms

have been performed on populations
selected because of complaints about
formaldehyde exposure at home or at
work (table 10). These surveys show
seemingly high prevalences of respiratory
and nonrespiratory symptoms. The in-
vestigations of complaints in Washing-
ton, Wisconsin, Connecticut, and Texas
cannot be readily interpreted because
comparison populations were not evalu-
ated and bias may have resulted from the
selection of complaining subjects. The
studies provide documentation, however,
that formaldehyde exposure may occur
in the domestic environment.

Thun and coworkers (313) used a more
informative and less biased design in a
study of 1,396 residents of homes insu-
lated with UFFI and 1,395 residents of
homes without UFFI. Subjects were
selected from a roster of households in-
sulated with UFFI rather than on the ba-
sis of symptom status. By telephone in-
terview the investigators ascertained
symptom prevalence over the previous
year and the timing of symptom onset
in relation to installation of UFFI. The
prevalences of wheezing and burning skin
were significantly higher in residents of
homes with UFFI. Subjects who reported
that odor had persisted for greater than
7 days after UFFI installation had the
highest incidence of symptoms. The lack
of formaldehyde measurements in the
home, the low response rate, and the
retrospective ascertainment of symptoms

detract from the findings. However, this
study represents one of the few popula-
tion-based investigations of residential
formaldehyde exposure in which study
subjects were selected because of their
potential for exposure rather than be-
cause of perceived health effects.

Norman and coworkers (341) exam-
ined the relationship of residence in a
home insulated with UFFI to pulmonary
function and respiratory symptoms in
school children. Using data gathered dur-
ing a previous study in Canada, the in-
vestigators identified children who had
been living in homes with UFFI. Two
children from homes without UFFI were
matched to each exposed child (n = 29)
on the basis of 9 variables that had been
shown to predict pulmonary function.
No association was found between ex-
posure to UFFI and respiratory function
or symptoms. Measurements of formal-
dehyde were not obtained.

Two studies have evaluated the effects
of formaldehyde exposure in mobile
homes used as offices (314, 315). Both
studies included assessment of control
populations and measurements of form-
aldehyde. Their findings were similar and
demonstrated an excess of respiratory
and nonrespiratory symptoms. Main and
Hogan (315) also evaluated pulmonary
function and found no effects of form-
aldehyde exposure; however, the study
group included only 39 subjects.

Effects of formaldehyde on respiratory
symptoms and pulmonary function have
also been assessed cross-sectionally in oc-
cupational settings. Alexandersson and
colleagues (342) studied 47 workers ex-
posed and 20 workers not exposed to
formaldehyde in a carpentry shop. Symp-
toms were ascertained by questionnaire,
and spirometry was performed twice,
once on Monday morning and again on
Monday afternoon. The exposed work-
ers reported “chest oppression” and
symptoms of the eyes, nose, and throat
significantly more often than the control
subjects. The FEV,, the FEV,/FVC ra-
tio, and the MMEF were normal on Mon-
day morning but showed significant, al-
though small, reductions over the work-
ing day in the exposed workers. These
decrements, which occurred in both
smokers and nonsmokers, were not
related to the workers’ personal formal-
dehyde exposures.

Levine and coworkers (343) surveyed
symptoms and lung function in 90 mor-
ticians attending a continuing education
course. Levels of spirometric parameters
were not reduced in comparison to stan-
dard reference populations. When clas-
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sified by extent of exposure, ag estimated
by the number of embalmings per-
formed, the high and low exposure sub-
jects did not differ on Symptom preva-
lence or lung function level, Formalde-
hyde exposure was not measured directly,
however.

Studies of workers exposed to phenol
formaldehyde have also been considered
to provide evidence on the effects of
formaldehyde. Two studies with conflict-
ing results have been published (344, 345).
Industrial hygiene measurements docy.-
mented the presence of other contamin-
ants in these workplaces, and, thus, the
results of these studies cannot be con-
sidered as relevant for domestic formal-
dehyde exposure.

Thus, current evidence for chronic ef-
fects of formaldehyde on lung function
derives solely from several small Cross-
sectional studies. In a cross-sectional
study, particularly for a highly irritating
exposure such as formaldehyde, the most
susceptible segment of the population is
likely to be underrepresented. Further,
the study populations were too small to
detect any but large effects.

Formaldehyde has been reported to be
a cause of occupational asthma (301,
346-348), although the mechanism of ac-
tion is uncertain. Formaldehyde might
cause asthma by specific immunologic
sensitization or by induction of bron-
choconstriction through nonspecific ir-
ritation (349); the relative importance of
these 2 mechanisms has not been estab-
lished. Medical (350, 351) and nonmedi-
cal publications have raised the concern
that concentrations of formaldehyde
found in residences may also be as-
sociated with asthma. Studies of persons
exposed to formaldehyde in their homes
have documented complaints of wheez-
ing, chest tightness, and other symptoms
compatible with asthma (table 10). How-
ever, cases of asthma resulting from
domestic exposure to formaldehyde have
not been published. In a unique docu-
mented case of a woman who developed
asthma after installation of UFFI, the
offending agent was found to be UFFI
dust rather than formaldehyde (352).

Recent case series provide evidence on
the role of formaldehyde as a cause of
asthma at varying concentrations in the
domestic and work environments. In
these studies, subjects referred to a clini-
cal facility for investigation of suspected
formaldehyde-induced asthma were
evaluated with bronchial provocation
tests. Nordman and colleagues (353)
reported that 12 of 230 workers referred
to the Institute of Occupational Health
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in Finland had positive bronchial provo-
cation tests when exposed to formalde-
hyde at 2 ppm. In England, Burge and
coworkers (354) described 15 workers
evaluated for occupational asthma. The
investigators concluded that 3 subjects
showed specific hypersensitivity to form-
aldehyde, 2 were affected through irritant
mechanisms, and the remaining 10 sub-
jects were probably affected by other
agents.

Frigas and associates (355) evaluated
13 subjects referred for evaluation of pos-
sible asthma secondary to formaldehyde
exposure in the work or home environ-
ment. As none of the 13 subjects re-
sponded to formaldehyde challenge, the
investigators questioned the importance
of formaldehyde as a cause of asthma
at levels below 3 ppm, the range gener-
ally encountered in the domestic environ-
ment. However, because this series com-
prised only 13 subjects, firm conclusions
on the role of formaldehyde cannot be
drawn from its results. The findings of
Nordman and colleagues (353) imply that
at most one of the 13 subjects studied
by Frigas and associates (355) would be
expected to have formaldehyde-induced
asthma,

These studies suggest that asthma may
be mistakenly attributed to formaldehyde
exposure and that the incidence of
formaldehyde-induced asthma may be
Iow. Although not widely available, spe-
cific bronchial provocation testing with
formaldehyde is essential for diagnosis;
the clinical history, while important for
raising the initial concern about form-
aldehyde-related asthma, may be mis-
leading.

Neuropsychologic and Behavioral Ef-
JSects. Questionnaire surveys of symptoms
in subjects concerned about formalde-
hyde exposure in their homes have
documented a high prevalence of neu-
ropsychologic symptoms, including
headache, memory lapse, fatigue, and
difficulty sleeping (table 10). The find-
ings of more rigorous studies that in-
cluded control populations have been
similar.

Olsen and Dossing (314) compared the
prevalence of symptoms among workers
in mobile home day care centers with the
prevalence among workers in 3 perma-
nent structures. The workers in the mo-
bile homes reported significantly more
complaints of headache and unnatural
fatigue, but memory and concentration
did not differ in the 2 groups. Although
acknowledging that the workers in the
mobile homes were specifically con-

“

cerned about their exposure to formal-
dehyde, the investigators concluded that
biased reporting of symptoms was an un-
likely explanation of their results. They
based this conclusion on similar preva-
lences of symptoms unrelated to form-
aldehyde in the 2 groups.

In another cross-sectional study, Kil-
burn and coworkers (356) ascertained the
frequency of neurobehavioral, mucous
membrane, and respiratory symptoms
among 76 histology technicians exposed
to formaldehyde but also to xylene and
toluene. In comparison with 56 secretar-
ies and clerks, the histology technicians
were more likely to experience distur-
bances of memory, sleep, balance, mood,
concentration, and appetite. They were
also more likely to report eye irritation,
a reduced sense of smell, mucous mem-
brane dryness and irritation, chest tight-
ness, cough, shortness of breath, and pal-
pitations. Each technician estimated the
average number of hours per day of ex-
posure to formaldehyde. The prevalence
of most symptoms increased with length-
ening exposure. Of 44 technicians who
completed a 20-item depression scale,
only 4 had scores suggesting depression.
This study was initiated after discussions
with histology technicians who were con-
cerned about exposure to formaldehyde
and solvents. Consequently, biased re-
porting of symptoms must be considered
when interpreting the results of this study.

In order to measure neuropsychologic
symptoms objectively, Schenker and as-
sociates (357) used standardized neuro-
psychologic tests in a study of 24 residents
of 6 homes insulated with UFFI. Nine
of 23 subjects reported neuropsychologic
symptoms, including memory difficulty,
headaches, difficulty concentrating, and
emotional lability. Complaints of mem-
ory loss were not validated by formal
tests. However, 11 of the 14 tested sub-
jects demonstrated a deficit in their at-
tention, and 9 of those 11 also had
elevated depression scores. While use of
objective tests of neuropsychologic func-
tion represents an improvement over
questionnaire assessment of symptoms
alone, the results of this study are,
nonetheless, limited by the lack of a com-
parison population and the small num-
ber of study subjects.

The results of the complaint investi-
gations indicate the need for a careful
assessment of the neuropsychologic ef-
fects of formaldehyde exposure. The
cross-sectional epidemiologic studies that
have been undertaken involved small
numbers of subjects, and their results are
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not definitive, Further laboratory inves-
tigation is needed to establish biological
mechanisms that may underlie the neu-
ropsychologic effects of formaldehyde,
Formaldehyde might exert a direct toxic
effect on the central nervous system. Al-
ternatively, its odor could make those in
contact with formaldehyde more aware
of symptoms and more likely to attrib-
ute significance to them (302). The de-
velopment and application of objective
neuropsychologic tests to a population-
based study group will be essential in
clarifying the mechanism of formalde-
hyde’s action.

Summary. Although the irritant prop-
erties of formaldehyde are documented,
evidence on health effects at concentra-
tions found in residences and offices is
inconclusive. Respiratory effects and neu-
robehavioral impairment have been as-
sociated with formaldehyde exposure, but
many of the studies may have been bi-
ased by the approaches used for subject
selection and data collection. These
health outcomes should receive further
investigation in populations with meas-
ured exposure to formaldehyde that have
been selected without bias. Appropriate
control populations should be included
in cross-sectional and cohort studies.
Continued investigation of workers ex-
posed to formaldehyde is needed to re-
solve the current controversy concerning
carcinogenicity.

Clinically, formaldehyde should be
considered as a potential cause of vague
respiratory and neuropsychological
symptoms and of asthma, but the diag-
nosis of formaldehyde-induced asthma
should not be made without confirma-
tion by inhalation challenge. Formalde-
hyde exposure may cause mucous mem-
brane irritation in residents of mobile
homes, new homes, and homes with
potentially strong sources, such as new
carpeting.

Volatile Organic Compounds
Volatile organic compounds (VOC) make
up a large and diverse group of organic
substances that share the property of
volatilizing into the atmosphere at nor-
mal room temperatures. Formaldehyde,
the VOC of greatest public and regula-
tory concern, has been extensively inves-
tigated in the past 10 yr (see previous sec-
tion). However, hundreds of other VOC
have been detected in indoor air (358,
359). Numerous sources of VOC exist in
both residences and office buildings, in-
cluding paints, adhesives, cleansers, cos-
metics, building materials, furnishings,





STATE OF ART: INDOOR AIR POLLUTION -

dry-cleaned clothes, cigarettes, gasoline,
printed material, and other consumer
products (359). Several studies describ-
ing sources and concentrations of VOC
have now been completed (table 3).
Wallace and coworkers (359) recently
summarized data from 9 studies collected
in more than 1,000 homes in the United
States and Europe. Although objectives
and methodologies differed among the
studies, all showed that concentrations
of most organic compounds varied
widely among homes and were substan-
tially higher indoors than outdoors. The
median indoor/outdoor ratio generally
ranged between 2 and 5 for different com-
pounds, but was as high as 10 for some
compounds in some homes. In the most
comprehensive investigation to date, in-
vestigators from the Environmental Pro-
tection Agency measured 12-h integrated
exposures and breath levels of selected
VOC in residents of 650 households in
6 communities throughout the United
States (33, 359). This study included resi-
dents of Bayonne and Elizabeth, New
Jersey, communities with petrochemical
plants. Even in these communities, which
have strong outdoor sources of VOC, lev-
els of most halogenated and nonhalo-
genated compounds were 5 to 10 times
higher indoors than outdoors.

While these studies document wide-
spread exposure to VOC and emphasize
the importance of indoor sources, they
also demonstrate the difficulty in charac-
terizing personal exposures to a complex
mixture of compounds and in apportion-
ing concentrations of specific com-
pounds to specific sources. For example,
in another Environmental Protection
Agency study, VOC were monitored at
1 outdoor site and at 5 indoor locations
in a home for the elderly. More than 350
different VOC were detected, 50 of which
were common to all indoor locations.
However, another 25 to 50 compounds
were unique to each individual location
(360). Lebret and colleagues (361) meas-
ured week-average concentrations of 45
VOC every other week in 4 homes for
26 wk. They reported that concentrations
of some compounds were fairly stable
over time, whereas others fluctuated
widely. Gammage and coworkers (362)
continuously monitored 40 homes in
eastern Tennessee. They documented
high peak concentrations of certain voC
after application of polishes, waxes, and
cleaners. These peak concentrations
decayed rapidly in most, but not in all,
homes.

In all exposure assessment studies per-

formed to date, concentrations of in-
dividual compounds have been an order
of magnitude below the maximal permis-
sible levels established for industrial en-
vironments. However, concern has been
raised about the potential of VOC, even
at low concentrations, to cause both acute
and chronic effects. Some of the most
commonly measured VOC are estab-
lished or suspected mutagens and/or car-
cinogens. Additionally, many VOC are
mucous membrane irritants, and VOC
have been implicated as a cause of
building-related illness (see section on
building-related illness). Further, syner-
gistic interactions among compounds
may result in greater health impact than
would be anticipated from simple addi-
tivity of effects.

Several experimental studies of the
acute effects of VOC have been under-
taken in the context of studying building-
related illness (363, 364). Interpretation
of these studies is limited by the nonspeci-
ficity of both the exposure and the symp-
toms, as well as by weaknesses in the
study designs. Specific VOC responsible
for health effects have not been isolated,
and the nature of the relationship be-
tween VOC exposure and building-
related illness remains unclear. However,
further experimental investigations in
which subjects are exposed to controlled
concentrations of a single VOC and VOC
in various combinations should increase
our understanding of the relationship be-
tween VOC exposure and acute effects.
Ultimately such studies, complemented
by epidemiologic studies using compre-
hensive sampling strategies, can be ex-
pected to provide guidance on the need
for regulations concerned with building
design, building materials, and consumer
products.

In contrast, epidemiologic studies of
the chronic health effects of VOC are
likely to prove extremely difficult. Ade-
quate characterization of personal ex-
posures is not currently feasible for a
study of sufficient size and length to de-
tect chronic health effects such as can-
cer. Consequently, assessment of the risk
from chronic exposure to varying con-
centrations of VOC cannot depend on
epidemiologic evidence. Further ex-
posure assessment studies are needed to
more fully describe concentrations and
sources of VOC, to determine the most
common VOC present, and to estimate
the range and distribution of exposures
in the general population. This informa-
tion, in combination with toxicologic and
experimental data, can provide estimates
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of risk for the formulation of environ-
mental policies.

Building-related Iliness
Introduction. Since the early 1970s,
numerous outbreaks of work-related
health problems have been described
among employees in offices not directly
contaminated by industrial processes.
Two broad categories of episodes can be
distinguished: those characterized by a
generally uniform clinical picture for
which a specific etiology can often be
identified, and those in which affected
workers report nonspecific symptoms
temporally related to work. Symptoms
reported in the latter outbreaks have typi-
cally included mucous membrane and eye
irritation, cough, chest tightness, fatigue,
headache, and malaise. In outbreaks with
an identified etiology, a wide spectrum
of causative factors has been implicated:
immunologic sensitizing agents, infec-
tious agents, specific air contaminants,
and environmental conditions, such as
temperature and humidity (248, 365).
Outbreaks without an identifiable etiol-
ogy have frequently occurred in new her-
metically sealed office buildings and have
been called “tight building syndrome”
(TBS) or “sick building syndrome.”

Terminology for these episodes is not
uniform. For the purpose of clarity, we
will use the phrase “building-related ill-
ness” as an inclusive term to refer to all
epidemics of illness occurring in nonin-
dustrial workplaces. We will restrict our
use of the term “tight building syndrome”
to those epidemics of building-related ill-
ness that do not have a specific etiology.
We recognize, however, that this term may
be somewhat misleading, as some of
these epidemics occur in buildings that
are not tightly sealed.

Exposures in the Office Environment.
New construction techniques and venti-
lation practices directed at conserving
energy have led to increasing problems
with air quality in the office environment;
the resulting buildup of pollutants is un-
doubtedly a factor in building-related ill-
ness. Many multistory office buildings
built since 1965 are constructed with an
internal structural support surrounded
by a thin continuous outer envelope. The
external shell is hung from the central
core and usually consists of prefabricated
components with sealed windows. This
technique is often less expensive than al-
ternatives, and the external shell provides
a barrier to uncontrolied infiltration of
outside air. Air movement into the mod-
ern office building is controlled entirely
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through a heating, ventilation, and air-
conditioning system that usually cannot
be controlled directly for any particular
space by its occupants. Frequently, to
maximize the extent of usable floor
space, the heating, ventilation, and air-
conditioning system is located on the
rooftop. Such systems tend to be designed
to operate over a smaller range of venti-
lation than systems installed within a
structure. :

The reduced ventilation rates in mod-
ern office buildings may lead not only
to a generalized air quality problem but
to the development of specific localized
problems. The majority of buildings are
operated at a positive pressure with re-
gard to outside air. Morris and Wiggin
(366) have warned that lowering the static
pressure in buildings may actually deprive
upper floors of fresh air through a
buoyancy or “chimney effect.” In some
buildings, reduction of operating pres-
sure may result in entry of air from pol-
luted locations, such as underground
parking garages, and from exhaust vents
placed near the street.

For decades, buildings were con-
structed with constant air flow volume
systems that were designed to heat or cool
the space within the building. In newer
and more tightly sealed buildings, inter-
nal sources, such as lights, machines, and
people, may suffice to heat the air. In
these buildings, air delivery rates are var-
ied to maintain the temperature and not
necessarily to meet air quality needs.

The rapid increase in energy prices in
the 1970s led to a reevaluation of venti-
lation standards and operating practices.
As a result, fresh air supplies were fre-
quently reduced to a minimum in office
buildings. The American Society for
Heating, Refrigerating, and Air Condi-
tioning Engineers revised its recom-
mended ventilation standard for fresh air
supply in the absence of smoking (367),
recommending 10 cubic feet per minute
(cfm) per person. The guidelines recom-
mend between 20 and 30 cfm per person
for spaces where smoking is permitted.
The economic incentives for reducing the
fresh air supply are evident. Depending
on local utility prices and climate, the an-
nual cost of supplying and conditioning
a cubic foot of air per minute may range
from $2.00 to more than $4.00 in most
locales. Schools, office buildings, and
arenas often require fresh air supply rates
greater than 100,000 cfm.

The office environment contains nu-
merous sources of potentially hazardous
air pollutants. Cigarette smoking, un-

vented combustion emissions, and vehi-
cle exhaust may add particles and gases
to the air in an office. VOC may be
released from adhesive, tiles, vinyl wall
coverings, rugs, office furniture, and wet-
process copying machines. Solvents,
cleansers, pesticides, and fibers may also
contaminate the air in an office.

Bacteria and fungi may grow on wet
surfaces, air conditioners, ducts, filters,
and humidifiers. In the past, disease out-
breaks in office workers caused by bac-
teria and fungi were most common in the
winter and possibly were related to recir-
culation of air. More recent outbreaks
of disease have often occurred during the
time that coolers are in use; the ventila-
tion system may disseminate microorgan-
isms that proliferate in the drip pans un-
der condensing coils or in the water res-
ervoir of a cooling system. The standing
water provides a suitable environment for
a variety of microorganisms; the specific
organisms that proliferate depend upon
available nutrients, the pH of the water,
and the temperature of the water. After
growth of organisms begins, metabolic
products may provide nutrients for other
organisms and support a growth chain
that includes bacteria, fungi, algae, and
amoebae. A slime of viable and dead or-
ganisms and spores may develop (368).
This material may become aerosolized
and distributed by the ventilation system.

Building-related Iliness. Outbreaks of
illness in office buildings related to some
of the specific etiologic agents mentioned
above have occurred for many years.
However, a new problem, characterized
by reports of nonspecific symptoms
among building occupants that could not
be attributed to specific agents, was first
reported in the late 1970s. This problem
was soon designated “tight-building syn-
drome.”

TABLE 12

CLASSIFICATION* OF THE ETIOLOGY OF
BUILDING-RELATED ILLNESSES IN 356
HEALTH HAZARD EVALUATIONS
CONDUCTED BY THE NATIONAL
INSTITUTE FOR OCCUPATIONAL
SAFETY AND HEALTH
THROUGH DECEMBER 1985

Etiology (n) (%)
Inside contaminants 67 19
Outside contaminants 38 11
Contaminants from building 14 4
materials
Biological contaminants 19 5
Inadequate ventilation 179 50
Unknown 39 11

* See text for definitions. Data provided by Kenneth Walling-
ford, personal communications.
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To date, most of the information on
building-related illness derives from
health hazard evaluations conducted by
federal and state agencies rather than
from formal epidemiologic studies. As
of December 1985, the National Institute
of Occupational Safety and Health
(NIOSH) had completed 365 health haz-
ard evaluations of building-related prob-
lems (Kenneth Wallingford, personal
communications). These evaluations
were not conducted according to a stan-
dardized protocol until recently, and their
classification by etiology was based on a
review of written reports (309). Neverthe-
less, the results of the health hazard
evaluations illustrate the heterogeneous
etiologies of problems related to office
buildings.

Indoor contaminants were cited as the
primary cause of building-related illness
in 19% of episodes (table 12). This di-
verse category included all chemical con-
taminants, such as copying machines,
carbonless copy paper, and tobacco
smoke, generated by indoor sources.
Contaminants from outdoor sources,
such as motor vehicle exhaust or dust
from construction, may be drawn into
a building through intake vents. In 4%
of cases, contaminants from building
materials and products, such as formal-
dehyde from new furnishings and fibrous
glass from lined ventilation ducts, were
considered to be the responsible agents.
The biological contaminants were pri-
marily associated with hypersensitivity
pneumonitis.

However, in 179 of the 356 investiga-
tions, no specific causal agent other than
inadequate ventilation could be identi-
fied. Because ventilation measurements
were performed rarely in the earlier in-
vestigations, this categorization was of-
ten based on questionnaire data or on
exclusion of other causes. In the more
recent investigations, ventilation has been
evaluated directly by measuring air flow
or indirectly by examining building
specifications. Standards developed by
the American Society for Heating,
Refrigerating, and Air Conditioning En-
gineers for ventilation and thermal envi-
ronment have been used as a basis for
comparison. However, the specific mech-
anisms through which inadequate venti-
lation produces tight building syndrome
are unclear.

Recent epidemiological investigations
have further characterized the dimen-
sions of tight building syndrome. Finne-
gan and coworkers (369) determined
symptom prevalence in workers in 9 of-
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TABLE 13

PREVALENCE (%) OF SYMPTOMS IN BRITISH WORKERS IN RELATIONSHIP TO THE
AIR SUPPLY IN THEIR OFFICE BUILDINGS*

Type of Air Supply

Natural No Humidification Humidification Humidification
Ventilation Air Recirculation No Air Recirculation Air Recirculation

Symptom (n=259) (n=73) (n=2354) (n=477)
Nasal 5.8 13.7F 20.4% 17.2%
Eye 5.8 8.2 o8.3% 17.6%
Mucous membrane 8.1 17.8T a7.9% a2.6%
Tight chest 2.3 1.4 o.6¥ 7.8+
Shortness of

breath 1.6 - 43 2.9
Wheeze 3.1 - 5.1 44
Headache 15.7 37.0% 34,7+ 39.5%
Nosebleed 0.5 — 1.4 2.2
Dry skin 5.7 55 16.2% 14.9%
Rash 1.9 27 3.1 29
ltchy skin 2.9 2.7 7.4t 7.2T
Lethargy 13.8 45.2% a9.9% 52.5%

« Based on table !l in reference 366. Series included 3 buildings with mechanical ventilation, one with no humidification and
air recirculation, 2 with humidification and no air recirculation, and 3 with humidification and eir recirculation.
p < 0.05 in comparison with workers in the natural ventilation building.
T p < 0.01 in comparison with workers in the natural ventilation building.

fice buildings, 3 with natural ventilation,
and 6 with mechanical ventilation (table
13). The symptoms were ascertained by
questionnaire and considered work-
related if onset or worsening was related
to working in the building. Symptoms
compatible with tight building syndrome
were significantly more common in work-
ers in each of the mechanically ventilated
buildings. Selection bias cannot explain
these findings, as 7 of the 9 buildings were
chosen by the investigators for study
without prior knowledge of building-
related problems. Theresults of this study
also illustrate the potential for selection
bias in studies of tight building syn-
drome; symptom rates in workers inthe
2 buildings selected because of com-
plaints were higher than rates in the build-
ings selected by the investigators.

In a subsequent study, this same in-
vestigative group surveyed workers in 2
buildings, one naturally ventilated, and
the other mechanically ventilated (370).
The prevalences of rhinitis, nasal block-
age and dry throat, lethargy, and head-
ache were significantly higher in work-
ers from the building with mechanical
ventilation. Measurements of tempera-
ture, humidity, air velocity, ion concen-
trations, CO, O;, and formaldehyde did
not differ between the 2 buildings.

The findings from the health hazard
evaluations and the cross-sectional
epidemiologic studies implicate ventila-
tion as contributing to tight building syn-
‘drome. It remains unclear whether the
effects of reduced ventilation are medi-
ated directly by alterations in comfort or

indirectly by causing the buildup of other
pollutants. Monitoring of offices with
work forces affected by tight building
syndrome has not shown that concentra-
tions of specific pollutants exceed ac-
cepted standards (370, 371).

VOC have been considered as one pos-
sible cause of tight building syndrome
(372) (see sectionon VOC). With new an-
alytical methods, hundreds of VOC have
been found in indoor air (358, 359), usu-
ally at concentrations substantially lower
than those permitted in the workplace.
However, VOC are generally present in
complex mixtures, which might produce
health effects even though none would
be anticipated on the basis of individual
VOC concentrations. Further, the irritant
properties of VOC make them plausible
etiologic agents for many of the symp-
toms of tight building syndrome. Many
of the known VOC could contribute to
the eye, mucous membrane, and respira-
tory tract irritations common in tight
building syndrome.

Data from recent experimental inves-
tigations lend support to this hypothe-
sized role of VOC. Ahlstrom and col-
leagues (373) exposed healthy volunteers
to 0.82 ppm of formaldehyde in a cham-
ber. Varying percentages of air from a
building where workers had been affected
by tight building syndrome were added
to the chamber. Symptoms of mucous
membrane irritation were 4 times more
common when the percentage of air from
the office building was increased from
10 to 100%.

Molhave and coworkers (363) exposed
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62 healthy volunteers, all of whom had
previously complained of symptoms typ-
ical of tight building syndrome, to a mix-
ture of 22 VOC commonly found in in-
door air. Exposure concentrations were
zero, 5, and 25 mg/m?, corresponding to
concentrations found in clean air, in air
normally present in new houses, and in
very contaminated indoor air, respec-
tively. Ina double-blind design, each sub-
ject was exposed to a concentration of
zero mg/m? and to a concentration of
either 5 or 25 mg/m? of mixed VOC. Sub-
jects’ perceptions of air quality, odor, and
symptoms were assessed by question-
naire. Subjects rated the air quality un-
acceptable and reported symptoms of
nose and throat irritation and inability
to concentrate significantly more often
when exposed to either 5 or 25 mg/m>.
Additionally, the investigators objectively
evaluated the participants’ responses to
different exposure levels using the digit
span test, the graphic continuous perfor-
mance test, and a trigeminal nerve irri-
tation test (364). Performance on the digit
span test, which measures ability to con-
centrate and short-term memory, was im-
paired at both exposure levels; other tests
were normal.

Interpretation of these reports 1is
limited by their preliminary nature. Lit-
tle data were provided, and estimates of
effect were not presented. Moreover, the
study subjects were selected from a pool
of 287 subjects who had all experienced
“indoor climate symptoms,” primarily ir-
ritation of the eyes and upper airways.
Thus, these subjects may represent a
population particularly sensitive to in-
door pollutants. Finally, the odor of the
exposure would necessarily limit the de-
gree to which the study could be con-
ducted in a double-blind fashion.

The findings of a recent experimental
study suggest that both inadequate ven-
tilation and VOC play a role in tight
building syndrome. Sterling and Sterling
(372) hypothesized that the nonspecific
symptom complex characteristic of tight
building syndrome is caused by indoor
photochemical smog generated by the ac-
tion of ultraviolet radiation from fluo-
rescent lights on VOC in indoor air. To
test this hypothesis the investigators stud-
ied the occupants of 2 buildings, one
mechanically ventilated and the other
naturally ventilated. On the initial symp-
tom survey, the investigators documented
a higher prevalence of nonspecific symp-
toms in workers in the mechanically ven-
tilated building. Subsequently, the em-
ployees completed a questionnaire on

————R
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symptoms and environmental quality
twice a week during the 10-wk study
period.

_ Without the employees’ knowledge, the
Investigators varied the percentage of
fresh air entering the mechanically ven-
tilated building and replaced the lights
with standard cool white fluorescent
lights. During the period that a greater
percentage of fresh air was circulated, the
employees reported an improvement in
environmental quality, including better
air movement, decreased stuffiness, and
more comfortable temperatures. Symp-
toms of eye irritation decreased 6.8%
when the ventilation was changed, 8.0%
when the lighting was changed, and
31.2% when both were changed simul-
taneously. Negative perceptions of en-
vironmental quality and reports of eye
irritation rose to the levels documented
at the start of the experiment when the
ventilation and lighting were restored to
their original state.

Neither epidemiologic nor experimen-
tal studies have identified specific etio-
logic agents for tight building syndrome.
While the experimental studies suggest
that low concentrations of VOC in sealed
buildings lead to the symptoms of irrita-
tion found in tight building syndrome,
concentrations of VOC have not been
measured in buildings with affected and
unaffected work forces. Several investi-
gators have also suggested that high stress
levels, precipitated by inability to con-
trol environmental conditions in a sealed
building, poor labor-management rela-
tionships, or other human factors may
contribute to building-related illness
(308, 374). While such psychological fac-
tors may contribute to tight building syn-
drome, their roles have not been ad-
dressed in formal studies. Assessment of
the role of psychological factors in tight
building syndrome will be difficult; these
factors are difficult to quantify and likely
to change after tight building syndrome
occurs.

Summary. Continued health hazard
evaluations of episodes of building-
related illnesses are needed to establish
the dimensions of the problem and to
identify specific and remediable causes.
Evaluations of new outbreaks would be
more informative if standardized meth-
ods were developed and adopted for as-
sessment of exposures and health out-
comes. However, studies limited to build-
ings with affected work forces cannot
fully elucidate the causes of tight build-
ing syndrome. Additional epidemiologic
and experimental studies are needed. Ex-

perimental studies in which volunteers
are exposed to measured amounts of sus-
pect agents, singly and in combinations
characteristic of those found in problem
buildings, will help narrow the list of pos-
sible etiologic agents. Epidemiologic in-
vestigations must not only address health
outcomes, but they also must include a
comprehensive assessment of engineer-
ing, air quality, and psychological aspects
of the workplace. Both cross-sectional
and longitudinal investigations may be
informative if combined with a compre-
hensive environmental characterization.

Clinically, the diagnosis of a building-
related illness should be considered in
persons with appropriate symptoms and
employment in a sealed building. How-
ever, criteria for making this diagnosis
in an individual patient have not been
established.

Radon and Radon Daughters
Introduction. Exposure to radon daugh-
ters, the short-lived decay products of ra-
don, places uranium and other under-
ground miners at an increased risk for
lung cancer (15, 375-377). While the lung
cancer risk incurred by underground
miners has been recognized for a century,
the hazard posed by environmental ra-
don and radon daughters has only re-
cently been investigated. Because radon
daughters are invariably present in indoor
air, exposure to them may be a risk fac-
tor for lung cancer in smokers and non-
smokers in the general population. In
fact, the lung dose from inhaled radon
daughters is the highest to any organ
from natural background radioactivity
(376).

Uranium and radium, a member of the
uranium decay series, are present in all
rocks and soils, although the concentra-
tions vary widely (376, 378). Radium de-
cays to radon, a noble gas. Because ra-
don is inert, it can diffuse out of the ma-
terial in which it forms and enter the
atmosphere or dissolve in surrounding
water. Radon decays with a half-life of
3.82 days into a series of short-lived solid
isotopes collectively referred to as radon
daughters (378, 379). The series of
daughters includes Po-218, Pb-214, Bi-
214, and Po-214, with half-lives ranging
from less than 1 s to 26.8 min, and ter-
minates with Pb-210, a more stable ra-
dionuclide with a half-life of 22 yr. Two
of the daughters, Po-214 and Po-218, emit
alpha particles during decay.

Alpha-decay of inhaled radon daugh-
ters while in the respiratory tract is
thought to induce the tissue injury that
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eventually results in malignancy. Al-
though the daughter products release al-
pha, beta, and gamma energy during
their decay, the dose of radioactivity to
the lung is due almost exclusively to the
alpha particles released by polonium-218
and polonium-214 (377, 380). The alpha
particles are presumed to penetrate the
epithelial lining of the lung directly and
damage the genetic material of the basal
cells.

For historical reasons, the concentra-
tion of radon daughters is generally ex-
pressed as working levels (WL), where
1 WL is any combination of radon
daughters in 1 L of air that ultimately
releases 1.3 X 10° MeV of alpha energy
during decay (379). A concentration of
1 pCi/L of radon translates to about
0.005 WL in a home. Exposure at 1 WL
for 170 h equals 1 working level month
(WLM) of exposure. The WLM was de-
veloped to describe exposure sustained
during the average number of hours spent
underground by miners. Because most
persons spend much more than 170 hin
their homes each month, a concentration
of 1 WL in a residence results in an ex-
posure much greater than 1 WLM on a
monthly basis.

Exposure to Radon. The predominant
source of radon in indoor air is the soil
beneath structures (376, 381). Radon
diffuses through the ground into base-
ments and crawl spaces, and then
throughout the air in a home. Other
sources include utility natural gas and wa-
ter used within the home. In homes sup-
plied with water from deep wells in gran-
ite rock, radon concentrations may be in-
creased by release of radon that has been
dissolved in the water. Short-term varia-
tion in the concentration of radon within
a home results from changes in air ex-
change rates, varying meteorologic con-
ditions, and use of water and natural gas.

Radon concentrations have not yet
been measured within a large random
sample of U.S. homes, although surveys
have been undertaken in other countries.
Typical radon concentrations range from
0.01 to 4 pCi/L, and much higher levels
have been measured in some homes (fig-
ure 3). Use of building materials that con-
tain high concentrations of radium and
construction of homes on geologic for-
mations composed of granite rich in
radium may lead to particularly high lev-
els of radon. Extremely high concentra-
tions of radon have been found in some
homes built over the Reading Prong, a
geologic formation in eastern Pennsyl-
vania, New Jersey, and Maryland. Some
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Fig. 3. Frequency distribution of radon
concentrations compiled from selected
samples of U.S. homes. Reprinted with
permission from reference 379.
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conventional homes in Maryland and
Pennsylvania have integrated radon con-
centrations exceeding 20 pCi/L.

Nero (382, 383) examined 35 data sets
of radon measurements taken in the
United States and identified 22 that
provided unbiased data on radon in sin-
gle family homes. The distribution was
similar to that in figure 3, with an aver-
age concentration of approximately 1.5
pCi/L; 1 to 3% of the homes exceeded
8 pCi/L. On the basis of this analysis,
Nero has suggested that more than 1 mil-
lion U.S. homes may have annual aver-
age radon concentrations exceeding 8
pCi/L.

Lung Cancer and Radon Exposure.
Numerous studies of uranjum miners and
other underground miners have now es-
tablished a causal association between ex-
posure to radon daughters and lung can-
cer (375, 384). Animal studies confirm
that exposure to radon daughters alone
causes lung cancer (377). The human
data have come primarily from miners
with high exposures to radon daughters,
and the risks of lower exposure levels have
not yet been well characterized. The
shape of the exposure-response relation-
ship between radon daughter exposure
and lung cancer risk also has not been
established. Other unresolved issues are
the lung cancer cell types associated with
radon daughter exposure and the nature
of the interaction between cigarette
smoking and radon daughters.

The relationship between exposure,
measured as WLM, and dose to the tar-
get tissues in the lung, measured as rads
or grays, is extremely complex. Deter-
minants of tissue dose include physical
factors, such as the characteristics of the
carrier aerosol, the proportions of at-
tached and unattached radon daughters,
and the degree of radon daughter equi-
librium, as well as biological factors, such

Tﬁ%

222/ Concentration (pCi/¢)

as the pattern of respiration, the pattern
of particle deposition and clearance, and
the locations of the target cells for can-
cer induction (377, 380). Further, a qual-
ity factor for alpha radiation is necessary
to convert rads to rems, or grays to
sieverts.

These dosimetric considerations sug-
gest that WLM sustained in a mine and
in a residence may not yield equivalent
tissue doses. Generally, mines are dustier
than homes, equilibrium fractions of ra-
don daughters may differ in the 2 en-
vironments, the minute ventilation is
higher during mining and other under-
ground labor than during normal activi-
ties in a home, and the prevalence of re-
spiratory tract abnormalities related to
cigarette smoking and other environmen-
tal agents may differ in miners and non-
miners. Further, exposure to radon
daughters in the domestic environment
begins at birth, and the anatomy of the
child’s lung tends to increase dose to the
bronchi (377). The effects of these de-
terminants of tissue dose have been ex-
amined by computer-modeling tech-
niques. These analyses do not indicate
large differences between tissue dose in
environmental and occupational settings
and support the use of the WLM to de-
scribe environmental exposure (377, 385,
386).

To date, epidemiologic investigations
of domestic radon daughters as a risk fac-
tor for lung cancer have been limited and
preliminary. Both descriptive and ana-
lytical approaches have been used to ex-
amine the association between radon
daughter exposure in the home and lung
cancer. Techniques for estimating lifetime
exposure of persons to radon daughters
from indoor air are not yet available, and
surrogates based on residence type or on
limited measurements have been used in
the analytical studies.
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In the descriptive studies, incidence or
mortality rates for lung cancer within geo-
graphic units have been correlated with
measures of exposure for inhabitants of
these units. Edling and associates (387)
compared mortality rates for different
Swedish counties with background lev-
els of gamma radiation, which they de-
scribed as correlated with indoor ex-
posure to radon and its daughters. The
correlation coefficients were 0.46 for
males and 0.55 for females. Hess and col-
leagues (388) performed a similar analy-
sis for lung cancer mortality from 1950
to 1969 in the 16 counties of Maine. Using
average radon concentrations in water as
the measure of exposure, they calculated
correlation coefficients of 0.46 for males
and 0.65 for females. In a study of 28
Iowa towns served by deep wells, lung
cancer incidence increased with the level
of radium-226, the source of radon, in
the water (389). These descriptive studies,
which do not consider the exposures of
persons to radon daughters and other
agents, can provide only suggestive evi-
dence that radon daughter exposure in
the home increases lung cancer risk.

This association has been more directly
tested in case-control and cohort studies.
Axelson and associates (390) conducted
a case-control study with 37 lung cancer
cases and 178 control subjects from a ru-
ral area of Sweden. Radon daughter ex-
posure was inferred from the character-
istics of the subjects’ residence at the time
of death. Those who lived in stone houses
were assumed to be most exposed and
those who lived in wooden houses were
assumed to be the least exposed, and
other types of dwellings were considered
to be a source of intermediate exposure.
Despite this crude exposure classifica-
tion, residency in stone houses was as-
sociated with a significantly increased
odds ratio (age- and sex-adjusted odds
ratio = 5.4) in comparison with the ref-
erence category of wooden houses. Data
concerning cigarette smoking and life-
time residence history were not consid-
ered.

In another case-control study in rural
Sweden, the study subjects were residents
of the island of Oeland, deceased during
the period 1960 to 1978 (391). The geo-
logic characteristics of the island were
thought to result in strong variation of
background radon concentrations within
asmall area. Inclusion in the study popu-
lation required at least 30 yr of residence
at the same address before death; 23 lung
cancer cases and 202 control subjects
dead from causes other than lung cancer
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met this criterion. Most of the dwellings
were monitored for radon daughters dur-
ing 3 months of summer and 1 month
of winter. The dwellings were also classi-
fied on the basis of structural character-
istics as in the earlier study of Axelson
and associates (390), and cigarette smok-
ing information was obtained from next
of kin. Lung cancer risk was significantly
associated with radon daughter exposure,
as assessed by either the measured con-
centration or the characteristics of the
dwelling, and both crude and smoking-
adjusted risk estimates were significantly
increased.

Pershagen and coworkers (392) re-
ported the findings of 2 small case-
control studies in Sweden on domestic
radon daughter exposure; one was drawn
from a larger study in northern Sweden,
and the other from a twin registry. The
investigators assembled each series with
30 case-control pairs divided equally be-
tween smokers and nonsmokers. Ex-
posure to radon was estimated from
information on dwelling type; the inves-
tigators attempted to consider all resi-
dences. In the study group from north-
ern Sweden, radon exposures were sig-
nificantly higher in the smoking cases
than in their smoking controls. Estimated
exposures were similar in the nonsmok-
ing cases and control subjects in the se-
ries from northern Sweden and in the
smoking and nonsmoking cases and con-
trol subjects in the second series selected
from a twin registry.

In the United States, Simpson and
Comstock (393) examined the relation-
ship between lung cancer incidence and
housing characteristics. During a 12-yr
period in Washington County, Maryland,
lung cancer incidence in the county’s resi-
dents was not significantly affected by
type of basement construction or build-
ing materials. Without specific valida-
tion, these dwelling-related variables were
assumed to be surrogates for radon
daughter exposure.

Because only scant and limited epi-
demiologic data are available, the haz-
ard posed by radon daughter exposure
inindoor air has been addressed primar-
ily through risk estimation procedures.
To assess the consequences of exposure
by using risk estimation techniques, in-
formation on the population distribution
of radon daughter exposures in dwellings
must be combined in a risk projection
model with coefficients that describe the
increment in lung cancer occurrence per
unit exposure in arisk projection model.
For the United States and most other

countries, however, the necessary data on
radon daughter concentrations are not
yet available. The selection of risk coeffi-
cients for radon daughter exposure is also
problematic. The mining populations
that have been studied generally received
much higher exposures than arise from
the usual environmental sources, and
each study has methodologic limitations,
particularly with regard to the quality and
extent of information on exposure (377,
384, 394, 395). Risk coefficients have also
been developed with dosimetric ap-
proaches (377, 396).

To perform the risk estimation, a
mathematical model must be selected to
project the lung cancer cases associated
with the exposure to radon daughters.
Risk projection models require assump-
tions concerning the temporal expression
of the associated lung cancer cases at-
tributable to radon daughters as well as
to the effects of potentially important
cofactors, such as age at exposure, age at
risk, and cigarette smoking. The 2 most
widely applied models are the relative and
attributable risk models; the former as-
sumes that the background risk is multi-
plied by the effects of radon daughter ex-
posure, whereas the latter assumes the ad-
dition of the excess risk to background.
Thomas and McNeill (394, 395) suggest
that the relative risk model is most ap-
propriate for radon daughter exposure
and lung cancer.

Estimates of the effect of exposure to
environmental radon daughters have
been made on the basis of risk models
that have varying underlying assump-
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tions (table 14). While the input infor-
mation for these models may have iden-
tified limitations, risk assessment rep-
resents the only currently feasible approach
for evaluating the extent of the hazard as-
sociated with environmental radon and ra-
don daughters. The results of the models
indicate that environmental radon daugh-
ter exposure poses a substantial risk to the
general population. Of approximately
135,000 lung cancer cases annually in the
United States, about 10,000 may be at-
tributable to radon daughter exposure; al-
ternatively, about 20% of the lifetime risk
of lung cancer in nonsmokers, estimated
as 1%, may be explained by radon daugh-
ters. These projections, however, are based
on average exposures of populations, and
individuals may incur much higher risks
if they reside in homes with particularly
high radon concentrations. New results
from studies of miners, in combination
with population surveys of radon exposure,
should provide more refined risk estimates
in the future.

The manner in which radon daughter
exposure and cigarette smoking are as-
sumed to interact strongly influences the
results of such risk estimation models. If
a multiplicative interaction is assumed,
then the risks for smokers, already much
greater than for nonsmokers, are multi-
plied by the additional risk from radon
daughter exposure. If the interaction be-
tween smoking and radon daughter is ad-
ditive, then the excess risk for smokers is
given by the sum of the additional risks
incurred by smoking and by radon daugh-
ter exposure. The interaction between the

TABLE 14

SELECTED RECENT PROJECTIONS OF THE LUNG CANCER RISK ASSOCIATED
WITH ENVIRONMENTAL RADON DAUGHTER EXPOSURE

Author Risk Projection Model Findings
Cohen (397) Attributable risk projection model using Author’s best estimate is 10,000
various risk coefficients and assuming caseslyr
a mean exposure of 0.22 WLM/yr
Evans et al. Attributable risk projection model with Mean lifetime exposure of 12 WLM
(398) lifetime risk coefficient of 10-4/WLM gives risk of 0.12%

chosen as “most defensible upper bound”

Steinhausler

et al. (399) coefficients from 1977 UNSCEAR report;
exposures estimated from sampling in
Salzburg, Austria

NCRP Report Combination of dosimetric approach and

No. 78 (377) attributable risk projection model

Thomas et al. Relative and attributable risk models under

(395) varying assumptions; risk coefficients

based on literature review and reanalysis

of published data

Attributable risk projection model with

Based on exposure profile, authors’
estimate that 15% of lung cancer
in Salzburg may be from radon
daughters

Lifetime risk for exposure of 0.2
WLM/yr estimated as 0.18%; authors’
estimate 9,000 attributable lung
cancer deaths annually in U.S.

Additional domestic exposure at 0.02
WL from birth causes 2 excess
lung cancers per 100
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* 2 agents might take some form other than
the purely additive or multiplicative. The
presently available epidemiologic evidence
indicates an interaction between cigarette
smoking and radon daughter exposure that
is greater than additive, though the data
are niot uniformly conclusive (377, 394).

The hypothesis has been advanced that
radon daughters directly contribute to the
development of lung cancer in both ac-
tive smokers and in nonsmokers passively
exposed to tobacco smoke (400-402).
The arguments are complex and will be
considered here only for the case of pas-
sive smoking. Unquestionably, tobacco
smoking increases the concentration of
respirable particulates in enclosed spaces.
Bergman and coworkers (403, 404) have
shown that the introduction of cigarette
smoke leads to greater build-up of radon
daughters in an unventilated room. Berg-
man and coworkers interpret this find-
ing as reflecting attachment of daugh-
ters to tobacco smoke aerosol, which
retards removal by adhesion to room sur-
faces. Increased exposure to radon
daughters would, thus, result from the
cigarette smoke. Martell and Sweder
(400) and Martell (405) have argued that
tobacco smoke increases the concentra-
tion of larger particles, which are more
likely to be deposited at bronchial bifur-
cations than the smaller particles pres-
ent inside uncontaminated, well-venti-
lated structures.

These speculations require further in-
vestigation, and the premises of Martell
have been questioned (406). Further, the
results of dosimetric modeling indicate
that increasing concentrations of parti-
cles may decrease the dose received by
the basal cells in the tracheobronchial ep-
ithelium (377). The dose to these cells
falls as the unattached fraction of radon
daughters declines. Accordingly, the net
effect of tobacco smoke aerosol on the
risk of inhaled radon daughters repre-
sents the summation of factors tending
to increase and decrease dose to target
cells. Available data are not sufficient to
support a conclusion on the balance of
these factors.

Control of indoor Air Pollution
Introduction
In this section, we briefly consider the
diverse options for achieving acceptable
concentrations of air contaminants in-
doors (table 15). A more comprehensive
treatment can be found in the National
Research Council’s report on indoor air
quality (15). Sources may be removed,
relocated, or mitigated. Ventilation may

TABLE 15

CONTROL MEASURES FOR POLLUTANTS
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Pollutant

Control Measures

Equipment and Materials

Ventilation and Design

Respirable particles

NO, NO,

Cco

Co,

Agents from biological sources

Formaldehyde

Radon and radon daughters

Volatile organic compounds

Asbestos

High efficiency filters

Tight sealing doors and grates
Properly drafting chimney
Electrostatic precipitators

Remove gasoline engine
Pilotless ignition

Pilotless ignition
Restrict heater use to
uninhabited space
Use catalytic converter
Replace indoor gasoline
engines with electric

Check static pressure in
return air ducts to make
sure return is not overriding
fresh air intake

Insulate to prevent
condensation

Damp-proof foundation, ducts

Proper drainage of drip pans
under condenser coils

Add bacteriocides to steam
and water for humidifiers
and cooling towers

Proper maintenance of filters
and ducts

Routine cleaning

Discard water-damaged floor
coverings

Do not use cool-mist
humidifiers and vaporizers

Substitute products such as
phenolic resin plywood

Seal sources

Removal of materials

Vapor barrier around
foundation

Damp-proof basement and
craw! space

Seal cracks and holes in
floor traps and drains

Install charcoal water-scrubber
for well water )

Completely seal foundation

Substitute products

Isolate storage area

Apply only according to
specifications

Do not locate transformers
indoors

Removal

Injection sealant

Wrap pipes with plastic and
duct tape

Zone and ventilate for smoking
Supply outside combustion

air to heater and fireplace
Relocate air intakes
Maintain filter system

Effective hood vent
over source

Isolate garage from
indoor space

Supply outside combustion air
Vent emission outside
Kitchen/hood vent
Relocate vents
Provide smoking zones
Isolate garage from

indoor space

Isolate garage from
indoor space

Maintain inside relative
humidities of 35-50%
Exhaust bath and kitchen

Vent crawl spaces

Increase air exchange
to house or office

Vent crawl space

Vent sumphole to exterior

Subslab depressurization

Subslab depressurization

Vent bathroom and laundry
to exterior

Use only with adequate
ventilation

Ventilate laundry, shop

Provide separate ventilation
to storage area

Ventilation does not provide
adequate protection

beincreased to reduce pollutant concen-
trations throughout a structure or in spe-
cific areas. Pollutant concentrations may
also be reduced by air cleaning devices,
which operate by filtration, adsorption,
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absorption, electrostatic precipitation, or
by other principles. Such devices may be
applied to exhaust from the pollutant
source, to recirculated air, to the supply
air, or to air within the occupied volume.
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TABLE 16

COMMERCIALLY AVAILABLE SAMPLING EQUIPMENT FOR INDOOR
AIR POLLUTANTS OTHER THAN PARTICULATES

Source Alteration
While removal of pollutant sources
represents the most definitive control

method, it is not practicable in many in-
stances. For many sources, evidence of
health effects of the released pollutant
is not sufficiently compelling; for others,
removal may not be feasible. Personal
choice may reduce contact with some
sources, such as tobacco smoking and
woodburning.

Ventilation

In many circumstances, increased air ex-
change in either a specific zone or
throughout a structure effectively reduces
poliutant concentrations. Local exhaust
of photocopying rooms, areas where
smoking is permitted, kitchens, base-
ments, sump-pump areas, and bathrooms
reduces pollutant concentrations at rel-
atively low cost. However, zone ventila-
tion is ineffective for emissions that orig-
inate from many locations or from mat-
erials used throughout a structure. For
such widespread sources a localized
source of fresh air or alteration of
building-use patterns may create zones
.of adequate air quality. More often, ven-
tilation must be increased throughout the
structure.

The extent to which ventilation should
be increased is uncertain, although
American Society of Heating, Refriger-
ating, and Air Conditioning Engincers
standards provide some guidance. Al-
though 5 cfm per person is twice the ven-
tilation needed to maintain CO, concen-
trations below 0.5%, this organization
recommends 7 to 10 ¢fm for most indoor
environments where smoking is not per-
mitted (367). Because of widely varying
sensitivity to microorganisms, organic ir-
ritants and edorants, and other indoor
pollutants, 7 to 10 cfm per person may
not provide a satisfactory condition for
all occupants. For buildings with oc-
cupants affected by a building-related ill-
ness, the lower limits of the standards of
the American Society of Heating,
Refrigerating, and Air Conditioning En-
gineers may not be sufficient.

Control of ventilation in residences is
particularly difficult. Natural ventilation
varies with weather conditions, construc-
tion, and occupant activities, and air ex-
change can be readily altered only if the
house is equipped with a central heating
and cooling system designed to control
fresh air intake. Equipping a home with
a heat exchanger, either a window unit
or a central system, provides a modest
increase in air volume exchange.

Pollutant
Sampler

Manufacturing Company

Sensitivity and
Integrating Time

Approximate Cost

Radon: track
etch detector

Radon: charceal
canister
detector

Organic vapors

Organic vapors:

hydrocarbon
chemical
reaction tubes

Organic vapors:
charcoal badges

Formaldehyde:
diffusion tube

Formaldehyde:
pro-tek
adsorption
badge

Formaldehyde:
diffusion
monitor

NO,:
personal and
alarm

NO,:
diffusion tubes

NO,:
diffusion
badge

CO: passive
badge

CQ: detector
tube integrated

CO: detector
tube grab

Terradex Corporation
460 N. Wiget Lane
Walnut Creek, CA 94598
(415) 938-2545

RTCA

12 West Main Street
Elmsford, NY 10523
(914) 347-5010

Industrial Scientific Corporation
355 Steubenville Pike
Oakdale, PA 15071
(412)758-4353

National Draeger Inc.
P.O. Box 120
Pittsburgh, PA 15230
(412) 787-8383

3M Corporation

Technical Service Department
3M Center

St. Paul, MN 55144

(612) 733-1110

Air Quality Research, Inc.
901 Grayson Street
Berkeley, CA 94710

(415) 644-2097

E.l. Dupont Company
Applied Technical Division
PO. Box 110

Kennett Square, PA 19348
1 (800) 344-4900

3M Corporation
Technical Service Dept.
Building 260-3-2

3M Center

St. Paul, MN 55144
(612) 733-1110

MDA Scientific

405 Barclay Bivd.
Lincolnshire, IL 60069
1 (800) 323-2000

Environmental Sciences
and Physiology
Harvard School of Public Health
665 Huntington Avenue
Boston, MA 02115
(617) 732-1000

Environmental Sciences and
Physiology

Harvard School of Public Health

665 Huntington Avenue

Boston, MA 02115

(617) 732-1000

Lab Safety Supply Co.
PO. Box 1368
Janesville, W| 53547
(608) 754-2345

National Draeger Inc.
PO. Box 120
Pittsburgh, PA 15230
(412) 787-8383

Sensidyne Inc.
12345 Sparkey Road
Suite E

Largo, FL 33543
(813) 530-3602

1 to 3-month exposure
1 to 4 pCi/lL

4 days
0.1 pCi/lL

100 to 3,000 ppm for
4t08h

Depends on vapors
and sampling times;
minimum level, 10/mg

5 to 7 days

1.6 to 54 ppm/h up
to 7 days or 0.2 to
6.75 ppm/8 h TWA

0.1 ppm for 8 h

2 to 3 ppm; /3 TLV
electrochemical cell
based 15 min to 8
h TWA

500 ppb/h integrated

50 ppb/h

50 ppm for 8 h
produces color change

25 ppmfor 8 h

5 ppm/min

$20 to $60 depending on
sensitivity desired

$35/canister includes
shipment and analysis
costs

$3/tube, $900 for
pump and accessories

$10/badge; $50 to $300
analysis by GC or
GC/MS

$48 kit, includes 2
monitors, analysis
and report

$20/badge; $25 to $80
for analysis

$37/monitor and
analysis

$800/dectector
$100/output; $2,075/
dosimeter; $1,045/
readout unit

$10/tube, research
only

$15/badge, research
only

$3/holder; $12.75/10
indicating papers

$255 pump and
accessories; $3/tube

$130 pump; $2/tube
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Air Cleaning

Particles and gases can be cleansed from
air with devices manufactured for usein
office and residential environments.
Devices to remove particles generally
operate by mechanical filtration, elec-
trostatic precipitation, or negative ion
generation. Depending on the type of de-
vice, the efficiency of particle removal de-
pends on particle sizes, filter design, elec-
trostatic effects of the filter medium, and
air-flow rate.

Air cleaning devices are frequently
used in the home and office settings to
control environmental tobacco smoke.
The submicron-sized particles in tobacco
smoke are not efficiently removed by con-
ventional filters, although more costly
high efficiency filters can clear these par-
ticles. Thus, most portable residential air
cleaners are not satisfactory for tobacco
smoke (407, 408). Their filters collect
only the coarser particles of a few
microns or larger in diameter, and the
rated flow capacities of many units are
too low to clean the full volume of a
room. The most effective units have nega-
tive ion generators or high efficiency
filters. The negative ions released by a
negative ion generator attach to particles
and increase particle removal through
plateout onto surfaces and through
coagulation.

Many of the small air-cleaning devices
manufactured for residential use are also
unsatisfactory for pollens and other in-
door allergens (409). High efficiency
filtration devices are more effective for
removal, but their clinical utility has not
been established (409, 410). Pollen ex-
posure can be reduced by use of a con-
ventional window air conditioner (411,
412). These devices can cool inside air

without mixing in outside air (409, 412). .

Gases can be removed from indoor air
by chemical absorption of reactive sub-
stances or by physical adsorption onto
surfaces. Activated charcoal filters, sil-
ica gel, activated alumina, and alumina
oxide impregnated with potassium per-
manganate have been used for industrial
air cleaning for years. More recently, hy-
brid air cleaners for residential use have
included devices for removing gases.
Removal efficiency approaching 25% for
formaldehyde and 45% for NO, has been
reported (408). However, the test situa-
tion in this report, a 2-h trial in a closed
chamber, does not realistically simulate
the circumstances of use in a home.

Remedial Action for Radon
The recognition that high levels of radon
occur in some homes has led to the de-
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TABLE 17
MONITORING EQUIPMENT FOR PARTICULATES® FOR INDOOR AlR QUALITY STUDIES

Flow Rate or

Instrument Method Manufacturing Company Sensitivity Approximate Cost
Integrated gravi- Cyclone separators with filter 1.7 Um Pumps $200 to $700;

metric; particles Several manufacturers filters $2; cyclones

< 3.5 um diameter cyclones, filters, and pumps $20 to $100
Integrated gravi- National Bureau of Standards 6 Lim Unknown

metric; particles under EPA Contract Separates using

between 10 and 3 USEPA filters in series

pm and less than Research Triangle Park, Batteries

3 um diameters NC 27711

(919) 541-2350

Integrated gravi- Harvard Impactor 4 Lm $2,500

Environmental Sciences
Harvard School of Public Heal

metric; particles
<10umor<25

um diameter 665 Huntington Avenue
Boston, MA 02115
(617) 732-1000
Instantaneous GCA-Mini-RAM (personal

(2/10 s); TSP or
RSP; 0.1 t0 10 1
forward light-

scattering

aerosol monitor)
GCA Corporation
213 Burlington Road
Bedford, MA 01730
(617) 275-5444

Semiinstantaneous; Piezobalance (Model
RSP 3500)
TSI Inc.
P.O. Box 64394
St. Paul, MN 55164
(612) 483-0900

Handheld Aeroso! Monitor
(HAM)

PPM Inc.

11428 Kingston Pike
Knoxville, TN 37922
(615) 966-8796

Continuous; RSP
submicron light-
scattering multi-
sensor monitor

Mass flow controller

th  for 14-day timer,
double impactor for
sharp cut; fixed
location

>10 pg/m?® $3,000 to $5,000
2-min average
depending upon

concentraton

>10 pg/m? $3,000 to $10,000
mass concentration;

15Us

* Particies can be measured using a variety of techniques. Using cyclone or impactor separators, smaller size fractions can
be collected on filters. Mass can also be measured using the optical properties of particles. For the most part, measuring particles
requires equipment costing several hundred to a few thousand dollars. Equipment using filters require that they be preweighted
and postweighed in a temperature- and humidity-controlled room.

velopment and implementation of proce-
dures for mitigation (376). Entry of ra-
don into a home can be reduced by tech-
niques that direct the radon away from
the home, by sealing cracks and other
portals of entry, by venting sump pumps,
and by removing materials that are high
in radium. Air treatment also reduces ra-
don daughter concentrations as does in-
creasing the air exchange rate.

Assessment of Indoor Air Quality
Continuous and integrated samplers are
now available for many pollutants in in-
door air. The continuous samplers are
expensive devices that record real-time
concentrations. The instruments for CO,
NO,, formaldehyde, CO,, and other
gases operate on electrochemical, chemo-
luminescent, or infrared absorbing prin-
ciples. Costs range between $2,000 for a
single gas detection system to more than
$12,000 for a tunable wavelength multigas
detector. Calibration gases and record-
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ing devices add to the costs of using con-
tinuous instruments.

Fortunately, less expensive samplers
that integrate pollutant concentrations
over time have been developed for many
gases and particles (38, 39). We list some
of these devices in tables 16 and 17, with-
out implying our endorsement. Many of
these devices operate by permeation or
diffusion; for example, passive samplers
are available for NO,, radon, formalde-
hyde, and several other organic vapors.
Other devices are more sophisticated and
incorporate a pump to move air across
a filter or vapor trap. With the exception
of the colorimetric stain tubes available
for industrial hygiene applications, most
of these samplers require a laboratory for
analysis.

Assessment of particle exposures may
require special techniques. For some ap-
plications, particle mass alone may be
sufficiently informative, but character-
ization of particle size, morphology, and
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chemical and elemental composition may
also be necessary.

Conclusions
Research Recommendations

With the exception of airborne infection,
the health effects of indoor air pollution
received little attention until the early
1970s (413). The research performed sub-
sequently has convincingly demonstrated
the importance of indoor environments
in determining personal exposures, but
it has left unanswered many questions
concerning health effects. We will address
research needs related to methodology
and to specific pollutants.

Methodology. In designing investiga-
tions of the health effects of indoor and
outdoor pollutants, exposure assessment
must be guided by the concept of total
personal exposure (figure 1). The optimal
approach for exposure assessment is
measurement of each subject’s personal
exposure. For certain pollutants, such as
NO, and CO, this approach is now feasi-
ble. For some pollutants, however, ac-
curate and inexpensive devices are not
available, and surrogate measures of ex-
posure, such as source descriptions, are
often used in the place of measurements.
Studies of personal exposure have shown
that misclassification of exposure is in-
evitably introduced by use of surrogate
measures. Therefore, when an investiga-
tor relies on surrogate sources of exposure
information, the extent of the resulting
misclassification should be measured and
considered in interpreting the study’s
results. For certain pollutants biological
markers may quantify exposure.

In this review, we have described many
studies limited by potential confounding
and inadequate sample size. At the con-
centrations of pollutants generally found
inindoor air in U.S. buildings, the antic-
ipated health effects to be evaluated will
often be subtle and of small magnitude.
Investigations of such low-level effects
should not be undertaken without assess-
ment of sample size requirements. Con-
sideration must also be given to misclas-
sification of health outcomes and of
exposure and to the implications of mis-
classification for sample size needs.

Epidemiologic investigations must
provide accurate estimates of the low-
level effects anticipated for many en-
vironmental pollutants. Apparent small
effects may be introduced by uncon-
trolled confounding by environmental
and host factors. Therefore, accurate
measurement of potentially important

covariates must be incorporated into the
study design.

Involuntary Exposure to Tobacco
Smoke. Research recommendations on
involuntary smoking must consider the
extensive data available on active smok-
ing, which have long provided sufficient
rationale for smoking prevention and ces-
sation. In the face of incontrovertible evi-
dence on active smoking, further research
on involuntary smoking is warranted to
describe more fully effects on infants and
children, to characterize further non-
malignant effects on adults of exposure
at home and at work, and to develop
more precise risk estimates for lung can-
cer associated with involuntary smoking.
It must be recognized that involuntary
smoking affords an important research
opportunity for describing exposure-
response relationships for a potent and
ubiquitous environmental pollutant. Fur-
thermore, the results of research on in-
voluntary smoking are needed to deter-
mine the magnitude and acceptability of
risks incurred by nonsmokers.

Nitrogen Dioxide. Data from investi-
gations of NO, exposure and respiratory
ilinesses indicate that the magnitude of
the effect is likely to be small and less
than that of invoiuntary exposure to
tobacco smoke. However, because more
than half of U.S. homes have gas cook-
ing stoves and childhood respiratory ill-
ness is extremely common, even a small
effect of NO, is of public health impor-
tance. In order to detect associations of
the anticipated small magnitude, future
investigations should employ direct meas-
urements of exposure, rather than using
surrogate variables. Infants and other
potentially susceptible groups seem the
most suitable populations for study.

Woodsmoke. Woodsmoke is a com-
plex mixture of gases and particles that
have a wide range of potential respira-
tory effects. The unconfirmed observa-
tions of Honicky and coworkers (241) that
woodsmoke causes acute respiratory ill-
nesses and symptomsin U.S, children re-
quire further study. Investigations in less
developed countries suggest that domes-
tic smoke exposure contributes to the de-
velopment of chronic lung disease. This
important hypothesis cannot be tested
with sufficient sensitivity in most popu-
lations in the United States, but should
be pursued in appropriate locales.

Formaldehyde. Although the irritant
properties of formaldehyde are docu-
mented, evidence on health effects at
concentrations found in residences and
offices is inconclusive. Respiratory effects
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and neurobehavioral impairment have
been associated with formaldehyde ex-
posure, but many of the studies may have
been biased by the approaches used for
subject selection and data collection.
These health outcomes should receive
further investigation in populations
selected without bias and with measured
exposures. Appropriate control popula-
tions should be included in cross-
sectional and cohort studies. Continued
investigation of workers exposed to form-
aldehyde is needed to resolve the current
controversy concerning carcinogenicity.
Radon and Radon Daughters. Radon
daughters, like tobacco smoke, are an es-
tablished cause of lung cancer. Research
needs on environmental exposure relate
to more precise quantitation of the risks
of lung cancer. The requisite information
includes population-based data on the
distribution of exposure, risk estimates
developed at lower levels of exposure than
sustained by many of the mining groups
evaluated to date, and improved under-
standing of factors modifying the risks
of radon daughter exposure and of the
temporal expression of radon-related
lung cancer. Epidemiologic investiga-
tions of the association between domes-
tic exposure and lung cancer may be in-
formative, but methods for estimating ex-
posures must be further developed.
Building-related Iliness. Health haz-
ard evaluations have documented the
syndrome of building-related illness, but
have not adequately defined its clinical
dimensions and causes. Further health
hazard evaluations of new outbreaks
would be more informative if stan-
dardized methods were developed and
adopted for assessment of exposures and
health outcomes. However, more rigor-
ous epidemiologic methods should also
be applied to the problem of building-
related illness. Both cross-sectional and
longitudinal investigations may be in-
formative if combined with a compre-
hensive environmental characterization.

Clinical Implications
Although much of the evidence on the
health effects of indoor air pollution re-
mains equivocal, some of the exposure-
disease associations are established and
clinically relevant. Involuntary smoking
contributes to lower respiratory illnesses
in infants, and mothers should be advised
about this adverse effect and the possi-
bility that their smoking will harm their
child’s developing lung. Active smokers
should consider the lung cancer risk that
their smoking imposes on nonsmokers.
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Carbon monoxide poisoning and hyper-
sensitivity pneumonitis are well described
clinical entities that may be overlooked.
Indoor routes of exposure should also
be considered in outbreaks of Legion-
naires’ disease, Aspergillus, and other in-
fections. High radon and radon daugh-
ter levels should prompt mitigation.

The evidence is less compelling for

other exposures, and we cannot provide
firm guidance. For woodsmoke, the study
reported by Honicky and coworkers (241)
suggests that woodstoves may cause
recurrent respiratory illness in children,
but the findings have not been confirmed.
The effects of formaldehyde exposure in
residences, offices, and other environ-
ments also have not been well-character-
ized. Formaldehyde should be considered
as a potential cause of vague respiratory
and neuropsychologic symptoms and of
asthma, but the diagnosis of formalde-
hyde-induced asthma should not be made
without confirmation by inhalation chal-
lenge. Formaldehyde exposure may cause
mucous membrane irritation in residents
of mobile homes, new homes, and homes
with potentially strong sources, such
as new carpeting. The diagnosis of a
building-related illness should be con-
sidered in persons with appropriate symp-
toms and employment in a sealed build-
ing. However, criteria for making this di-
agnosis in an individual patient have not
been established.

Some exposures to indoor air pollu-
tants are probably not associated with
adverse effects that are clinically relevant.
The epidemiologic studies indicate only
minimal effects of NO, from gas stoves.
Woodsmoke and involuntary exposure to
tobacco smoke have not been associated
with short-term effects in adults, but the
relevant data are scant.

Health care providers can offer some
practical suggestions to patients who ask
about air cleaning. Only a few of the
commercially available devices effectively
remove tobacco smoke and pollens (403,
406). However, closing windows and
using a window air conditioner reduces
pollen counts (407, 409, 410). Some ex-
posures can be readily controlled by
removal of the source, such as tobacco
smoking and unvented space heaters, or
by proper venting and use of exhaust
fans, such as with gas stoves. Merely
opening a window to increase ventilation
may be effective.

Health care providers may also be
viewed as expert on the health effects of
indoor air pollution, as on other health
topics. In recent years, the communica-

tions media have regularly transmitted
the results of studies and reports on in-
door air pollution. Patients may turn to
their health care providers for informa-
tion on radon, involuntary smoking, gas
stoves, and other prevalent exposures.
This review provides some information
for answering these questions.
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Addendum

During 1987, several new sources of informa-
tion on indoor air pollution and health have
been published. The 4th International Con-
ference on Indoor Air Quality and Climate
was held in August 1987. The proceedings
were published by the Institute for Water, Soil
and Air Hygiene in Berlin (mailing address:
Institut fiir Wasser-, Boden- und Lufthygiene
des Bundesgesundheitsamtes, Corrensplatz 1,
D-1000 Berlin 33). The U.S. Environmental
Protection Agency report “EPA Indoor Air
Quality Implementation Plan” and its appen-
dices provide a comprehensive review. Two
new reports on environmental radon are avail-
able: “Lung Cancer Risk from Indoor Ex-
posure to Radon Daughters,” Publication 50
of The International Commission on Radio-
logical Protection, and the report of the Bio-
logical Effects of Ionizing Radiation (BEIR)
IV Alpha Committee of the National
Academy of Sciences.
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Introduction

During this century, dramatic episodes
of excess mortality caused by ambient air
pollution convincingly established that
atmospheric contamination by human
activities can adversely affect health. In
many countries, governmental regula-
tions implemented in response to the ad-
verse health effects of air pollution have
resulted in strong trends towards im-
proved air quality. As the hazards posed
by ambient air pollution from conven-
tional fossil fuels have diminished in
some countries, the relevance of indoor
air quality for health has become increas-
ingly apparent. Studies of time-activity
patterns demonstrate that residents of
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SUMMARY Since the early 1970s, the health effects of indoor air pollution have been investigated
with increasing intensity. Consequently, a large body of literature is now available on diverse aspects
ofindoor air pollution: sources, concentrations, heaith effects, engineering, and policy. This review
begins with a review of the principal poliutants found in indoor environments and their sources.
Subsequently, exposure to indoor air pollutants and health effects are considered, with an empha-
sis on those indoor air quality problems of greatest concern at present: passive exposure to tobacco
smoke, nitrogen dioxide from gas-fueled cooking stoves, formaldehyde exposure, radon daughter
exposure, and the diverse health problems encountered by workers in newer sealed office buildings.
The review concludes by briefly addressing assessment of indoor air quality, control technology,

research needs, and clinical implications.

AM REV RESPIR DIS 1987; 136:1486-1508

more developed countries spend on av-
erage little time outdoors (table 1) (1, 2).
Thus, indoor pollutant concentrations
are the predominant determinant of ex-
posure for many pollutants and the only
source of exposure for some. However,
pollutants in outdoor air do penetrate in-
doors, and for some pollutants of cur-
rent importance, such as ozone and acid
aerosols, nearly all exposure, whether re-
ceived indoors or outdoors, results from
outdoor sources,

Research directed at indoor air pollu-
tion and its adverse health effects began
in the late 1960s and early 1970s (3, 4).
Investigation in this area was subse-
quently stimulated by concerns that re-
duced ventilation of buildings for the
purpose of energy conservation would in-
crease pollutant concentrations and lead
to adverse effects on health. Conse-
quently, a large body of literature is now
available on diverse aspects of indoor air
pollution: sources, concentrations, health
effects, mitigation, and policy.

While many health effects of indoor
air pollution remain controversial, epi-
demiologic and clinical research has iden-
tified some health effects that should be
considered by chest physicians and other
health care providers. The public has
been intensely interested in the new in-
formation on indoor air pollution, par-
ticularly as it relates to such ubiquitous
exposures as formaldehyde, environmen-
tal tobacco smoke, radon and radon
daughters, nitrogen dioxide (NO,) from
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gas-fueled cooking stoves, and smoke
from woodburning fireplaces and stoves.
Patients may turn to their health care
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in the next issue of the Review.
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TABLE 1

AVERAGE HOURS SPENT PER DAY IN VARIOUS LOCATIONS BY ADULTS
IN 44 U.S. CITIES*

Location Employed Men

Employed Women Housewives
At home 13.4 (55.8)T 15.4 (64.2) 20.5 (85.4)
At work‘ 6.7 (27.9) 5.2 (21.7) - (0
In trgnstt 1.6 (6.7) 1.3 (5.4) 1.0 (4.2)
Oufsue 0.7 (2.9) 0.3 (1.3) 0.4 (1.7)
Inside other
structures 1.6 (6.7) 1.8 (7.5) 2.1 (8.8)

* Based on data in tables 7-1.1 and 7-1.3, page 795 in reference 1. Time calculated for “outside” in-
cludes the categories “just outside one's home” and “in all other locations.” Time calculated for “inside
other structures” consists of the categories “in other people’s homes," “in places of business,” and “in
restaurants and bars.” The original data did not separate work into indoor and outdoor categories.

Percentage of 24 h.

providers because of concerns about
potential health effects of these and other
indoor air pollutants.

The findings reported in this new liter-
ature also have wide-ranging policy im-
plications (5). Evidence of adverse health
effects of indoor air quality may require
decisions and actions on consumer prod-
ucts, building materials and design, en-
ergy conservation practices, and regula-
tion of smoking in public places. In the
United States, the Environmental Pro-
tection Agency under the authority of the
Clean Air Act regulates to protect and
enhance outdoor but not indoor air qual-
ity. This agency has constructed a statu-
tory framework for implementing am-
bient air quality standards and has de-
vised a complex set of regulations for
controlling mobile and stationary air pol-

. lution sources.

For some criteria pollutants, an en-
couraging trend of improving outdoor air
quality has resulted. The number of lo-
cations exceeding the primary National
Ambient Air Quality Standards for to-
tal suspended particles (TSP), sulfur di-
oxide (SO,), carbon monoxide (CO), and
lead (Pb) has decreased over the past de-
cade. Even peak ozone (Os) concentra-
tions have declined in many locations.
Of the 6 criteria pollutants, only NO; pol-
lution has worsened (6). However, im-
provements in ambient air quality do not
necessarily imply that human exposures
to harmful pollutants have also declined.
Indoor air quality is not directly regu-
lated, and use of some sources of indoor
air pollution, such as wood stoves and
kerosene space heaters, is increasingly
widespread. Low air exchange rates in
newer homes and office buildings may
also increase personal exposures. Thus,
air quality policy designed to fully pro-
tect public health must address exposures
to pollutants indoors as well as outdoors.

This review summarizes information
on the health effects of indoor air pollu-
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tion, with an emphasis on the data that
are most relevant for health care pro-
viders and those concerned with pub-
lic health aspects of indoor air quality.
We have also focused on the indoor air
quality problems of greatest public health
concern at present and emphasize those
for which new evidence has become avail-
able: passive exposure to tobacco smoke,
NO, exposure from gas-fueled cooking
stoves, formaldehyde exposure, radon
daughter exposure, and the diverse health
problems encountered by workers in newer
sealed office buildings. The citations are
based primarily on a literature search that
extended through June 1986; selected
references subsequent to that date have
been cited. '

Review articles (7-10) and several mono-
graphs (11-14) on indoor air pollution
have been published, as well as a report
by the National Research Council (15).
Proceedings of meetings on this topic
have also been published (16-24). Numer-
ous sources on the health effects of am-
bient air pollution are also available, in-
cluding a statement of the American
Thoracic Society (25), reports on indi-
vidual pollutants by the National Re-
search Council, and the criteria docu-
ments prepared periodically by the En-
vironmental Protection Agency.

In this review, we initially consider the
sources of indoor air pollution and in-
formation on personal exposures to in-
door air pollution. Subsequently, for
each of the major pollutants, we review
the concentrations in indoor environ-
ments and the health effects. We con-
clude by briefly addressing indoor air
quality assessment, control technology,
research needs, and clinical implications.

Indoor Air Pollution: Sources
and Exposure

Introduction
In this section, we highlight information
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on the sources of those pollutants that
have been, or are, potentially associated
with disease. We also review studies of
personal exposures to pollutants. Con-
centrations of pollutants in indoor en-
vironments are described in subsequent
sections on individual pollutants. We do
not attempt to cover exhaustively the data
on sources and exposures; comprehen-
sive treatments are available in the report
of the National Research Council (15) on
indoor air pollution, in a review by Yo-
com (26), and in the proceedings of the
Seventh Oak Ridge National Laboratory
Life Sciences Symposium (24).

The health risks posed by air pollu-
tion are determined by the personal ex-
posure of individuals to contaminants
and not simply by pollutant concentra-
tions in indoor and outdoor air. Personal
exposures to air pollutants represent the
average of the pollutant concentrations
encountered in various environments
with weighting proportional to the time
spent in each location (figure 1). In more
developed countries, studies of activity
patterns have established the importance
of the indoor environment in determin-
ing personal exposures (table 1) ({1, 2).

The determinants of indoor concen-
trations vary among the pollutants. Lev-
els may be influenced by outdoor levels,
indoor sources, the rate of exchange be-
tween indoor and outdoor air, and other
characteristics of the structure and its fur-
nishings that influence pollutant disper-
sion and removal (15). Pollutants from

Indoor
Emission
Sources

Outdeor
Emission
Sources

Dispersion, conversion,
and remaval factors
(including ventilation}

Dispersion, conversion,
and remova! factors
{including weather}

Building penetration, Indoor

Concentrations

Qutdoor
Congentrations

air exchange, conversion,
and removal factors

Time-activity
patterns

Time-activity
patterns

Total
Personal
Exposure

Host factors

Host factors

Biologically Effective
Dose (to Critical Target
Tissues)

Host factors

Fig. 1. Framework for considering the relationships
among pollutant concentrations, personal exposures,
doses of poliutants to target tissues, and health effects.
(Reprinted with permission from reference 27.)
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outdoor sources can enter a building
through mechanical ventilation systems
and through the natural infiltration of
air. The indoor concentrations of “out-
door pollutants” depend not only upon
the outdoor concentrations but upon the
rate of air infiltration, the reactivity of
the contaminant, the efficiency of any
mechanical filtration systems, and, for
solids, upon the particle size and shape.
For example, O;, primarily an ambient
pollutant, is a highly reactive molecule;
it follows first-order decay kinetics when
penetrating indoors and usually reacts
quickly with surfaces. Indoor concentra-
tions of O, are usually less than 50% of
outdoor concentrations (28). Neverthe-
less, even small amounts of O, will be
important in some indoor environments,
such as art museums and locations with
NO, sources. The concentrations of pol-
lens, which are large particles from out-
side sources, decline substantially with
increasing distance from doors and win-
dows (29). Outdoor sources may lead to
unusually high pollutant levels indoors
if fresh air intake vents are improperly
located. For example, increased CO lev-
els have been measured in buildings with
intake vents fed by air contaminated with
vehicle exhaust from adjacent roadways
or parking garages.

Increasing concentrations of indoor air
pollutants have been of particular con-
cern as ventilation rates have been re-
duced in newer structures. The 83 mil-
lion housing units in the United States
are diverse in character and some types
are more likely to be associated with ex-
cessive indoor air pollution than are
others. In new “tight” homes, air ex-
change rates during winter may average
Iess than 0.5 per hour, while most con-
ventional homes have average exchange
rates between indoor and outdoor air
around 1.0 per hour. Energy efficient “su-
per tight” homes can be built with win-
ter air exchange rates as low as 0.1 to 0.3
per hour. In comparison with conven-
tional homes, mobile homes and pre-
fabricated housing units have lower mean
air exchange rates and are of smaller vol-
ume. These characteristics make them
particularly liable to indoor air pollution
problems. In many new office buildings,
construction techniques and ventilation
practices also lead to low air exchange
rates and the potential for air quality
problems.

Although most time indoors is spent
at home or at work, about 5% of each
day is spent in transit (table 1). Trans-
portation environments pose unique prob-

SAMET, MARBURY, AND SPENGLER

TABLE 2

TYPICAL SOURCES OF INDOOR AIR POLLUTION IN THE HOME, OFFICE, AND
TRANSPORTATION ENVIRONMENT

Environment

Source and Pollutants

Home
Gas stoves: NO,, CO

Tobacco smoking: respirable particles, CO, VOC*

Woodstoves and fireplaces: respirable particles, CO, PAHT
Building materials: formaldehyde, radon

Earth underlying the home: radon

Furnishings and household products: VOC, formaldehyde
Gas-fueled space heaters: NO,, CO

Kerosene-fueled space heaters: NO,, CO, SO,

Insulation: asbestos

Moist materials and surfaces: biological agents

Office

Tobacco smoking: respirable particles, CO, VOC

Building materials: VOC, formaldehyde

Furnishings: VOC, formaldehyde

Copying machines: VOC

Air conditioning systems: biological agents, vehicle exhaust with combustion
emissions containing particles, CO, and NO,

Transportation

Tobacco smoking: respirable particles, CO, VOC

Ambient air: ozone in jet aircraft, CO and lead in automobiles
Auto air conditioners: biological agents

* Volatile organic compounds.
t Polycyclic aromatic hydrocarbons.

lems with regard to air quality. In most,
air exchange rates are high, but the ratio
of the number of occupants to air vol-
ume is much higher than in other en-
vironments. For example, commercial
jets are designed to have several air ex-
changes per hour. In an automobile with
the windows open or the ventilation fan
operating, the number of air exchanges
can range from 5 to 50 per hour. The
occupant-to-volume ratios are much
higher than found in almost every indoor
environment used by the general public.
Thus, substantial exposure to airborne
pollutants may be sustained in transpor-
tation environments.

The ventilation systems of commer-
cial aircraft are designed to pressurize the
cabin, cool electronic equipment, vent
lavatory and galley areas, and provide
conditioned air for passenger and crew
comfort (30). The air is drawn through
compressors, conditioned by mixing with
ambient air, and delivered through over-
head systems. The air exchange on air-
planes is usually quite high, although
some aircraft, such as the new Boeing
767, are configured to recirculate 50%
of the air. At full passenger load, only
7 cubic feet per minute (cfm) of fresh air
per person would be supplied, only
slightly greater than the minimum recom-
mended in the current ventilation guide-
lines of the American Society of Heat-
ing, Refrigerating, and Air Condition-
ing Engineers.

Important and occasionally unique ex-
posures to pollutants can be sustained in
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special environments, although little time
may be spent in these locations on aver-
age. For example, sports arenas can be
heavily contaminated with tobacco
smoke (31), and motorized ice cleaning
equipment can increase levels of CO and
NO; in ice skating rinks (32). Exposure
to volatile organic compounds (VOC) can
take place in dry cleaning establishments
and fabric stores (33). Camping lanterns
and cooking stoves are potent sources of
NO, and CO (34). In fact, fatalities have
occurred to campers and explorers from
CO poisoning (35, 36).

Sources of Indoor Air Pollution
Numerous sources of ajrborne contam-
inants have been identified in indoor en-
vironments (tables 2 and 3). The pollu-
tant sources found in home, office, and
transportation environments are listed in
table 2. In table 3, we describe the sources
of the principal pollutants and typical
concentrations. Unvented combustion,
evaporation of solvents, grinding, and
abrasion can produce gaseous and par-
ticulate pollution indoors. Radon and its
decay products accumulate indoors from
soil, water, and building materials. Bio-
logical sources include growth of molds,
fungi, and bacteria, and insects and pets.

Inthe home, the principal combustion
sources are tobacco smoking, gas cook-
ing stoves, and unvented kerosene heat-
ers. Wood burning in stoves and fire-
places may also affect indoor air quality.
Formaldehyde may be released from urea
formaldehyde foam insulation (UFFI),
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ing solvents. Biological agents, which
have proliferated on moist surfaces, may
be dispersed by the office heating and
cooling systems. Many of these same
sources of air contamination are present
in transportation environments.

Personal Exposure to Air Pollutants
Measurement of personal exposures to
pollutants confirms the contributions of
these indoor sources to total pollutant
exposures (37). Direct personal monitor-
ing has become possible with the devel-
opment of passive sampling equipment
and lightweight portable pump systems
(38, 39). By combining personal sampling
or fixed-location sampling with time-
activity information, the relative contri-
butions of various locations and sources
to personal exposures can be estimated
(37). Studies using these techniques have
established the importance of indoor
sources for exposure to respirable par-
ticulates, CO and NO,.

For example, Spengler and associates
(40) evaluated sources of variation in per-
sonal exposures to respirable particles
among residents of 2 semirural commu-
nities in Tennessee. The ambient concen-
trations and personal exposures were
uncorrelated, but the concentration of
respirable particulates in the homes ex-
plained more than 60% of the variation
in personal exposures. Reported tobacco
smoke exposure alone accounted for less
than 15% of the variability.

Quackenboss and colleagues (41) re-
ported similar results from a study of
personal NO, exposures of 35 adults
and children living in the vicinity of an
agricultural community in central Wis-
consin. In this population more than
80% of the variance in week-long per-
sonal exposure to NO, was accounted for
by variation in bedroom concentrations.
In contrast, the studies of personal ex-
posure have indicated the predominance
of outdoor sources for some pollutants,
eg., O; (37).

Health Effects of Indoor
Air Pollution

Introduction

“'We have described the sources of indoor

air pollution and the principal pollutants
that may be found in specific indoor en-
vironments. In this section, we address
the health effects associated with these
pollutants as well as information on the
concentrations of the pollutants in in-
door air. In discussing their health ef-
fects, we have broadly grouped the pol-
lutants by their sources: combustion

sources —tobacco smoke, NO,, CO, and
wood smoke; biological sources —infec-
tious agents and allergens; and miscel-
laneous sources —radon and radon daugh-
ters, volatile organic compounds, and
formaldehyde. The problem of building-
related illnesses or “tight building syn-
drome,” which cannot be linked to spe-
cific agents, is described separately. We
do not review the hazards, primarily non-
respiratory, of exposure to pesticides. The
National Research Council (42) has re-
cently addressed the nonoccupational
health risks of asbestiform fibers, and
we do not cover this exposure. Finally,
we do not consider the effects of pollu-
tants generated by outdoor sources that
penetrate indoors nor exposures in the
work environment that are associated
with well-recognized forms of occupa-
tional lung disease.

Tobacco Smoke
Introduction. Extensive toxicologic,
experimental, and epidemiologic data,
largely collected since the 1950s, have es-
tablished that active cigarette smoking
is a major preventable cause of morbidity
and mortality (43). Involuntary exposure
to tobacco smoke has only recently been
investigated as a risk factor for disease
in nonsmokers. Consequently, the evi-
dence on involuntary smoking is more
limited in scope than for active smok-
ing, and controversy remains concerning
certain associations of involuntary smok-
ing with disease.

Nonsmokers inhale environmental to-
bacco smoke, the combination of the
sidestream smoke that is released from
the cigarette’s burning end and the main-
stream smoke exhaled by the active smok-
er (44). Comprehensive discussions of the
chemistry of sidestream and of main-
stream smoke are included in the 1979,
1984, and 1986 reports of the Surgeon
General (43, 45, 46), in the 1981 report
of the National Research Council on in-
door air pollution (15), and in the 1986
report of the National Research Council
on environmental tobacco smoke (47).

The exposures of involuntary and ac-
tive smoking differ quantitatively and,
to some extent, qualitatively (15, 45-48).
Because of the lower temperature in the
burning cone of the smoldering cigarette,
most partial pyrolysis products are en-
riched in sidestream as compared to
mainstream smoke. Consequently, side-
stream smoke has higher concentrations
of some toxic and carcinogenic sub-
stances than mainstream smoke; how-
ever, dilution by room air markedly re-
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duces the concentrations inhaled by the
involuntary smoker in comparison to
those inhaled by the active smoker.
Nevertheless, involuntary smoking is ac-
companied by exposure to many of the
toxic agents generated by tobacco com-
bustion (15, 45-48). The intake of to-
bacco smoke components by nonsmok-
ers has been confirmed by studies using
biological markers such as nicotine and
its metabolite, cotinine. Thus, it is bio-
logically plausible to hypothesize that
exposure to environmental tobacco smoke
is a risk factor for disease in nonsmok-
ers. Active smokers must necessarily have
greater exposure to environmental to-
bacco smoke than nonsmokers, but the
consequences of smokers’ active and
passive exposures cannot be separately
evaluated.

To date, research on passive smoking
has focused on respiratory effects, al-
though recent investigations have exam-
ined associations with diverse health ef-
fects including nonrespiratory cancers,
ischemic heart disease, age at menopause
(49), sudden infant death syndrome (50),
and birth weight (51, 52). This review will
emphasize the respiratory effects of in-
voluntary smoking. Because the litera-
ture on passive smoking has been re-
viewed in this journal (53), in the 1984
and the 1986 reports of the Surgeon
General (45, 46), and by the National Re-
search Council (47), we will focus on the
newer studies and the converging evi-
dence for some effects of involuntary
smoking. Symposia (18, 54, 55) and a
monograph by Shephard (56) have also
addressed the adverse health effects of
involuntary smoking. Other reviews on
selected aspects of the health effects of
involuntary smoking have also been pub-
lished (57-61).

Exposure to Environmental Tobacco
Smoke. Tobacco smoke is a complex mix-
ture of gases and particles that contains
myriad chemical species (43, 45). Not sur-
prisingly, tobacco smoking in indoor en-
vironments increases levels of respirable
particulates, nicotine, polycyclic aromatic
hydrocarbons, CO, acrolein, NO,, and
many other substances. The extent of
the increase varies with the number of
smokers, the intensity of their smoking,
the ventilation rate of the indoor space,
and the use of air cleaning devices. Sev-
eral cigarette smoke components have
been measured in indoor environments
as markers of the contribution of tobacco
combustion to indoor air pollution. Par-
ticulates have been measured most often;
sidestream and mainstream smoke both
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contain high concentrations of particles
in the respirable size range (46, 47). How-
ever, surveys of indoor air quality based
on measurement of total suspended par-
ticulate concentrations will not readily
identify the excess mass indoors from en-
vironmental tobacco smoke. Studies of
levels of environmental tobacco smoke
components have been conducted largely
in various public buildings; fewer studies
have been conducted in the home and of-
fice environments (46, 47).

The contribution of smoking in the
home to indoor air pollution has been
demonstrated by studies involving per-
sonal monitoring and monitoring of
homes for respirable particulates. Spen-
gler and associates (62) monitored 80
homes for respirable particulate concen-
trations over several years and found that
a smoker of 1 pack of cigarettes daily
contributed about 20 pg/m? to 24-h in-
door particle concentrations. In homes
with 2 or more heavy smokers, this study
showed that the 24-h National Ambient
Air Quality Standard of 260 pg/m? for
total suspended particulates could be
exceeded. Because cigarettes are not
smoked uniformly over the day, higher
peak concentrations must occur when
cigarettes are actually smoked. Therefore,
short-term total suspended particulate
concentrations of 500 to 1,000 pg/m?® are
likely at the time when cigarettes are ac-
tually smoked. The dramatic effect of
smoking in the home is shown in figure
2, which summarizes 24-h samples of
respirable suspended particulates in resi-
dences (63). The variation in the excess
indoor concentrations among residences
was related to the number of smokers and
the air exchange rates. Home 13 had an
average air exchange rate of only 0.44 per
hour.

Spengler and associates (40) measured
the personal exposures to respirable par-
ticulates sustained by nonsmoking adults
in 2 rural Tennessee communities. The
mean 24-h exposures were substantially
higher for those exposed to smoke at
home.

Levels of other constituents of tobacco
smoke have not been well characterized
in homes. In the studies of Moschandreas
and associates (63), only homes with
smokers had iron, arsenic, and cadmium
levels indoors that exceeded outdoor con-
centrations. Ambient cadmium ranged
between 1 and 2.5 ng/m® while the in-
door home average concentrations ranged
between 2 and 5 ng/m? inthe homes with
heavy smoking. Under usual circum-
stances of smoking, the average emission

120 -

@ v 2
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Fig. 2. Average 24-h respirable sus-
pended particulate (RSP) concentra-
tions (ng/m?) outdoors and indoors in
homes with and without smokers. (Re-
drawn with permission from reference
63)

RSP CONCENTRATION (,t4g/m3)

rate of CO, 50 mg per cigarette, will not
increase concentrations in a residence to
the standards set for outdoor air (64).
More extensive information is available
on levels of environmental tobacco smoke
in various public buildings. Monitoring
in locations where smoking may be in-
tense, such as bars and restaurants, has
generally shown elevations of particulates
and other markers of smoke pollution
where smoking is taking place (46, 47).
For example, Repace and Lowrey (65)
used a piezobalance to sample aerosols
in restaurants, bars, and other locations.
They found that respirable particulate
levels ranged up to 700 pg/m® and var-
ied with the intensity of smoking. Simi-
lar data have been reported for the of-
fice environment, though the informa-
tion is more limited (46, 47).
Transportation environments may also
be affected by cigarette smoking. Con-
tamination of air in trains, buses, auto-
mobiles, airplanes, and submarines has
been documented (46, 47). For example,
a recent National Research Council Re-
port (30) on air quality in airliners sum-
marized studies of tobacco smoke pol-
lutants in commercial aircraft. During a
single flight, the NO, concentration var-
ied with the number of passengers with
a lighted cigarette. In another study,
respirable particulates in the smoking sec-
tion were measured at concentrations 5-
fold or greater than in the nonsmoking
section. Peaks as high as 1,000 pg/m?
were measured in the smoking section.
Markers of Exposure. Biological mark-
ers of tobacco smoke exposure have been
used to describe the prevalence and the
dosimetry of involuntary smoking. In
both active and involuntary smokers,
the detection of various smoke compo-
nents or their metabolites in body fluids
or alveolar air provides evidence of ex-
posure, and levels of these markers can
be used to gauge the intensity of exposure
to tobacco smoke. The risks of involun-
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tary smoking have also been estimated by
comparing levels of biological markers in
active and involuntary smokers.

At present, the most sensitive and spe-
cific markers for tobacco smoke exposure
are nicotine and its metabolite, cotinine
(47, 66). Neither nicotine or cotinine are
present in body fluids without exposure
to tobacco smoke. Because the circulat-
ing half-life of nicotine is generally less
than 2 h (67), nicotine concentrations in
body fluids reflect recent exposures. In
contrast, cotinine has a half-life in the
blood or plasma of active smokers that
ranges from less than 10 h to about 40
h (68, 69). The half-life of cotinine tends
to be longer in nonsmokers than in
smokers (68). Hence, cotinine levels pro-
vide information about more chronic ex-
posure to tobacco smoke in both active
and involuntary smokers. Thiocyanate
concentration in body fluids, concentra-
tion of CO in expired air, and carboxy-
hemoglobin level distinguish active
smokers from nonsmokers, but these
measures are not as accurate as cotinine
for assessing involuntary exposure to
tobacco smoke (66, 70, 71).

Recent reports described cotinine lev-
els and their relationship to exposure in
adult nonsmokers and in children (table
4). In adult nonsmokers, exposures at
home, in the workplace, and in other set-
tings determined cotinine concentrations
in urine and saliva. The cotinine levels
associated with involuntary smoking
ranged from less than 1% to about 8%
of cotinine levels measured in active
smokers. As would be anticipated, smok-
ing by parents was the predominant de-
terminant of the cotinine levels in chil-
dren. Greenberg and colleagues (75)
found significantly higher concentrations
of cotinine in the urine and saliva of in-
fants exposed to cigarette smoke in their
homes in comparison with unexposed
controls. Urinary cotinine levels inthe in-
fants increased with the number of cig-
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TABLE 4 ratio of the levels of Icrllatrlker? in pazlsswe
i 1 SE
SELECTED STUDIES OF COTININE LEVELS IN NONSMOKERS and active smokers an the relative doses
oy of all tobacco smoke components. None-
Population Findings theless, several investigators have attempted
i ding clinics in Cotinine levels parallel self-reported exposure. [n to characterize involuntary smoking in
100 adult patients attending v ] PSUrE . :
London (72) nonsmoking, means-;ggs n/glrlnl in saliva; in active terms of active smokmg. For example,
smokers, mean = .9 ng/ml. Foli 6 d uri-
- ; - . . oliart and coworkers (86) measured uri
151 adult males attending a clinic Urinary cotinine level increased with reported , £ nico tine in flicht atten-
in London and 70 subjects from duration of smoke exposure. In nonexposed non- nary excretion oI ni 1 g i
Oxford (73, 74) smokers, median level = 2.0 ng/ml; exposed non- dants during an 8-h flight and estimated
smokers, median = 6.0 ng/ml; active cigarette . that the average eXposure was 0.12t0 0.25
jan = |. Smoking by wife N .
e setnne sonantajons afota mnon. g of nicotine. Russell and colleagues
smoking men. (87) compared nicotine levels in non-
51 infants attending clinics in North In nonexposed, median urinary level = 4 ng/mg smokers exposed to t(')bacc.o smoke with
Carolina (76). creatinine; exposed, median = 351 ng/mg levels achieved after infusion of known
creatinine. Salivary creatinine levels higher in doses of nicotine. On the basis of this
exposed. . . . . te
472 nonsmoking adults in Japan (76). Exposure at home and at work independently comparison, the mves?g?.tor.s esnllgna d
increased urinary cotinine level. In nonsmokers, that the average rate o mcot}ne absorp-
median = 680 ng/mg creatinine; active smokers, tion was 0.23 mg per hour in a smoky
median = 8,570 ng/mg creatinine. tavern, 0.36 mg per hour in an unventi-
569 schoolchildren, 11 to 16 yr of age, Salivary cotinine level increased with the number of lated smoke-filled room, and 0.014 mg
In Bristol, England (77). smoking parents. If neither parent smoked, d 4 I . I
median = 0.20 ng/ml; if both smoked, per hour from average daily exposure. In
median = 2.70 ng/ml. active smokers, the first cigarette of the
38 children, 3 to 15 months of age, Serum cotinine level increased with the number of day resulted in absorption of 1.4 mg
attending a child center in North smokers in the home. In children without house- £ ni .
Carolina (78). hold exposure, mean = 1.0 ng/ml; exposed, 0 nlcotlne: .
mean = 4.1 ng/ml. Nonmalignant Respzratc{r’“y Effects.
839 children and aduits in a population Salivary cotinine level increased with the number of The 1983 “State of the Art” review on
sample in New Mexico (79). smokers in the home. If no smokers in the home, involuntary Smoking (53) and the 1984

medfan level was zero. If 1 or more smokers, ) and the 1986 reports of the Surgeon

median was greater than zero and increased with . .
the number of smokers. General (45, 46) provide comprehengwe
summaries of the literature on respira-
tory effects of involuntary smoking other
than lung cancer. These publications have
arettes smoked during the previous 24 h  that involuntary exposure leads to ab- concurred in concluding that for children
by the mother. The findings were similar ~ sorption, circulation, and excretion of to-  passive smoking increases the occurrence
in another study of infants that was based  bacco smoke components, and the studies  of lower respiratory illness, particularly
on serum cotinine levels (78). Luck and  confirm the high prevalence of involun-  early in life, and increases the frequency
Nau (80) have shown that cotinine and tary smoking, as ascertained by question-  of chronic respiratory symptoms. On the
nicotine levels measured in infants breast-  naire (85). The results further suggest that  basis of primarily cross-sectional data,
fed by smoking mothers reflect both the ~questionnaire methods for assessing re-  the 1984 report of the Surgeon General
doses received from the breast milk and  cent exposure have some validity. These  (45) also concluded that the children of
from involuntary smoking. In a study of  studies also demonstrate that saliva and  smoking parents in comparison with
schoolchildren in England, salivary coti- urine samples can be readily obtained those of nonsmokers had small reduc-
nine levels rose with the number of smok-  from large populations; thus, cotinine tions of lung function, but the long-term
ing parents in the home (77). Similar data  levels in body fluids could be used asa  consequences of these changes were re-
were recently reported from a large popu-  marker of exposure in large-scale epide-  garded as unknown. In the 2 yr between
lation-based sample in New Mexico (79). miologic research on involuntary smok-  the 1984 and the 1986 reports, sufficient
- The results of some investigations ing. However, further investigation is longitudinal evidence accumulated to
; based on other markers of exposure have  needed to define the relationship between support the conclusion in the 1986 report
‘ been similar. For example, Poulton and  inhaled nicotine and cotinine levels in (46) that involuntary smoking reduces the
- associates (81) reported that serum thio-  body fluids, the extent to which cotinine  rate of lung function growth during child-
cyanate levels were significantly higher levels index doses of other tobacco smoke  hood. Only limited data pertaining to
in children living with smokers. In fact, components, and the range and deter- adults have been available, and defini-
levels of thiocyanate are increased inum-  minants of cotinine half-life in nonsmok- tive conclusions have not been made for

bilical cord blood if the mother lives with ~ ers. Further, a biological marker for cu-  adult populations.

smokers (82). Nicotine levels in adults mulative exposure, which would facili- The morerecent data on children have
vary with report of recent exposure, and  tate investigation of chronic diseases, has  generally supported the conclusions of
Y in several English studies all nonsmok- not been identified. the earlier review in this journal (53)and
ers hgd 1_11easurable concentrations of Comparisons of levels of biological of the Surgeon General’s reports. With
nicotine in body fluids (66, 83, 84). markers in smokers and nonsmokers regard to respiratory illness in infants,

The results of thes§ studies using bio-  have been made in order to estimate the Pedreira and colleagues (88) prospec-
19g1ca1 markers have important implica-  relative intensities of active and involun- tively monitored the incidence of lower
tions for research on involuntary smok-  tary smoking. However, a simple propor-  respiratory illness in 1 144 infants fol-
ing. The studies provide ample evidence tionality cannot be assumed between the lowed in a pediatric prac’tice. Office visits
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for tracheitis and bronchitis were signif-
icantly more common for infants exposed
to tobacco smoke at home. The effects
of prenatal smoke exposure could not be
separated from those of postnatal ex-
posure in previous studies of lower re-
spiratory illness. However, relevant data
have been published from 2 populations.
A prospective study in China of 1,058 in-
fants of nonsmoking mothers demon-
strated that paternal smoking increased
the rate of hospitalization for respiratory
illness during the first 18 months of life
(89). A British cohort study suggested in-
dependent effects of prenatal and post-
natal exposure on lower respiratory ill-
ness experience in early life (90).

Data from 2 large cross-sectional in-
vestigations demonstrated an association
between parental smoking habits and
lower respiratory illness before 2 yr of
age (91, 92). Ware and associates (92) ana-
lyzed questionnaire information from
10,106 children, 6 to 9 yr of age at enroll-
ment, who were participating in the Har-
vard Air Pollution Health Studyin 6 U.S.
cities. Smoking by both the mother and
the father was associated with a higher
frequency of reported physician-diag-
nosed respiratory illness before 2 yr of
age. The relative odds for this illness
variable increased progressively with the
usual number of cigarettes smoked daily
by the mother at the time of interview.
In a prevalence survey of 1,355 Iowa chil-
dren 6 to 12 yr of age, parental smoking
significantly increased the risk of hospi-
talization for a chest illness before 2 yr
of age (91). Although recall of past ill-
nesses may be inaccurate (93), bias in
reporting that depends upon parental
smoking habits is unlikely.

Two recent studies did not show effects
of involuntary smoking on respiratory ill-
nesses in children. Gardner and col-
leagues (94) monitored 131 infants dur-
ing the first year of life for viral infec-
tions by serology, cultures, and clinical
examinations. Neither specific infections
nor illnesses were associated with paren-
tal smoking habits. The study popula-
tion was small, however, and did not have
sufficient statistical power to examine ef-
fects in the range of interest. In a study
based on data from a health maintenance
organization, Vogt (95) found that house-
hold smoking characteristics did not in-
fluence use of outpatient care services for
respiratory illness by children.

New studies have showed that children
exposed to cigarette smoke in their homes
are also at increased risk for middle ear
disease. Both acute otitis media (96) and

persistent middle ear effusions (97-99)
have been associated with involuntary
smoking.

The more recent studies continue to
@ndicate increased respiratory symptoms
in the children of smokers. In the Har-
vard Air Pollution Health Study, smok-
ing by parents increased the frequency
of cough and wheeze in their children by
up to about 30% (92). Analysis of data
from 3,482 nonsmoking children, col-
lected in 1962 to 1965 in Tecumseh,
Michigan, also indicated more frequent
respiratory symptoms in the children of
smokers (100, 101). Charlton (102) con-
ducted a survey on cigarette smoking that
included 15,709 English children 8 to 19
yr of age. In the nonsmoking children,
the prevalence of frequent cough was sig-
nificantly higher if either the father or
the mother smoked, in comparison with
the prevalence when neither parent
smoked.

The findings of the newer studies are
inconsistent on the relationship between
passive smoking and wheezing and
asthma. McConnochie and Roghmann
(103) assessed predictors of wheeze in a
retrospective cohort study of children
who had mild bronchiolitis in infancy and
of control children without illness. At a
mean age of 8.3 yr, current exposure to
tobacco smoke at home was a significant
predictor of wheeze (odds ratio = 1.9,
p = 0.05). Further analysis of data from
the control children showed that mater-
nal smoking significantly increased the
prevalence of wheezing on follow-up in
children from families with a history of
respiratory allergy (104). In the study of
children in Tecumseh, Michigan, paren-
tal smoking was associated witha higher
prevalence of asthma at the initial exami-
nation and with a doubling of the risk
for developing asthma during the 15-yr
follow-up period (100, 101). Murray and
Morrison (105) evaluated 94 asthmatic
children 7 to 17 yr of age. Level of lung
function, symptom frequency, and re-
sponsiveness to inhaled histamine were
adversely affected by maternal smoking.

In contrast, Tashkin and associates
(106) examined cross-sectional data from
children 7 to 17 yr of age in the Los An-
geles area and found no association be-
tween the smoking characteristics within
the households and the prevalence of
respiratory symptoms Or asthma. In a
prospective cohort study in New Zealand,
parental smoking habits were not found
to affect the incidence of asthma during
the first 6 yr of life (107). In 1980, Weiss
and associates (108) reported the results
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of a cross-sectional survey of respiratory
symptoms in 650 children in Massachu-
setts. The prevalence of persistent wheeze,
the most common symptom, increased
significantly with the number of smoking
parents but was unrelated to smoking by
the children themselves, These investiga-~
tors subsequently used cold air challenge
to assess airways responsiveness in a sam-
ple of these children and found that air-
ways reactivity was not related to mater-
nal smoking history (109).

New studies have further documented
the adverse effect of parental smoking
on children’s lung function, and longitu-
dinal evidence on the consequences of
passive smoking during lung growth and
development was published. In the study
of children in Tecumseh, Michigan, pa-
rental smoking was associated with re-
duced lung function, as assessed by spi-
rometry (100, 101). The magnitude of
effect varied with age, sex, and the index
of exposure to parental smoking. In the
survey in Los Angeles, maternal smok-
ing was associated with average reduc-
tions of 3 to 8% for spirometric para-
meters in male subjects (106). The effects
of paternal smoking were largest in boys
less than 12 yr of age and were variable
in girls. Ekwo and coworkers (91) found
significantly greater response to inhaled
bronchodilator in the children of cig-
arette smokers. In the Harvard Air Pol-
lution Health Study, the FEV, of chil-
dren whose mothers smoked at the time
of spirometry was reduced by slightly less
than 1% of predicted FEV, reduction
(92). In contrast, Hosein and Corey (110)
studied 1,357 children and did not find
an effect of home exposure to tobacco
smoke on FEV, level. Lebowitz and col-
leagues (111) also did not find effects of
parental smoking, but only 271 children
were included in the study population.

Based on cross-sectional data from
children in East Boston, Massachusetts,
Tager and associates (112) reported in
1979 that the level of FEFss.5s declined
with the number of smoking parents in
the household. In 1983, these investiga-
tors provided the results obtained with
follow-up of these children over a T-year
period (113). Using a multivariate tech-
nique, Tager and associates showed that
both maternal smoking and active smok-
ing by the child reduced the growth rate
of the FEV,. The statistical model pre-
dicted effects of maternal smoking that

' are of a physiologically important mag-

nitude. Lifelong exposure of a child to
a smoking mother was estimated to re-
duce growth of the FEV, by 10.7, 9.5,
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and 7.0% after 1, 2, and 5 yr of follow-
up, respectively.

Recent longitudinal data from the Har-
vard Air Pollution Health Study also
showed reduced growth of the FEV, in
children whose mothers smoked ciga-
rettes (114). The growth rate of the FEV,
from ages 6 through 10 yr was calculated
for 7,834 white children. Although all
representations of exposure to parental
smoking were associated with reduced
growth rate of the FEV,, only the level
of maternal smoking in packs per day
attained statistical significance at p <
0.05. From ages 6 through 10 yr, the
statistical model estimated that FEV,
growth rate is reduced by 0.17% per pack
of cigarettes smoked daily by the mother.
This effect was somewhat smaller than
that reported earlier by Tager and asso-
ciates (113), although if extrapoldted to
age 20 yr, a cumulative effect of 2.8%
is predicted. The 2 sets of data were
also analyzed with noncomparable tech-
niques, and the study populations may
have differing levels of exposure to pas-
sive smoking.

Burchfiel (100, 101) examined the ef-
fects of parental smoking on 15-yr lung
function change of subjects in the Tecum-
seh study, first examined at ages 10
through 19 yr. In the female subjects who
remained nonsmokers across the follow-
up period, parental smoking was not as-
sociated with lung function change. In
nonsmoking males, parental smoking re-
duced the growth of the FEV,, FVC, and
Vmaxso, although the sample size was
limited and the effects were not statisti-
cally significant. For the FEV, in males,
the analysis estimated 7.4% and 9.4%
reductions in 15-yr growth associated
with 1 or 2 smoking parents, respectively.

Some new information has become
available for adults since the previous
reviews, which cited data from only 4
epidemiologic studies. The ratio of hy-
droxyproline to creatinine in urine was used
by Japanese investigators as a marker of
lung injury (115). In women passively ex-
posed to cigarette smoke, this ratio in-
creased with the extent of daily exposure.
However, in a study in Germany, the
hydroxyproline to creatinine ratio in non-
smokers did not vary with passive smoke
exposure (116). Moreover, Read and
Thornton (117) reported that in experi-
mental studies with rats, the hydroxypro-
line to creatinine ratio actually decreased
with increasing exposure to smoke. They
also reported that in humans both hy-
droxyproline and creatinine individually
increased with increased nicotine absorp-

tion from active smoking in males but
not in females (117). The ratio of the two,
however, was not associated with in-
creased nicotine excretion in either sex.

The results of several of the more re-
cent epidemiologic studies indicate pos-
sible chronic effects of passive smoking
on lung function in adults. The results
of an investigation of 163 nonsmoking
women in the Netherlands suggested ad-
verse effects of tobacco smoke exposure
in the home (118, 119). Cross-sectional
analysis of spirometric data collected in
1982 showed reductions of most para-
meters in association with tobacco smoke
exposure in the home, although the ef-
fect was significant only for flows at
higher lung volumes. In a sample of
the women, domestic tobacco smoke ex-
posure was not associated with longitu-
dinal decline of lung function during the
period 1965 to 1982. In baseline data for
a cohort study in Scotland, respiratory
symptoms tended to be more prevalent
in nonsmokers living with smokers in
comparison to nonsmokers living with
nonsmokers (120).

Other studies have not indicated chron-
ic effects of passive tobacco smoke ex-
posure on adult nonsmokers. Jones and
associates (121) conducted a case-control
study of 20- to 39-yr-old nonsmoking
women in the Tecumseh Community
Health Study cohort. Subjects from the
highest and lowest quartiles of the lung
function distribution had comparable ex-
posure to smokers in the home. Kentner
and colleagues (122) in a study conducted
in Germany examined the effects of pas-
sive and active smoking in 1,351 white
collar workers. Self-reported exposure to
environmental tobacco smoke at home
and at work was not associated with
reduction of lung function, as assessed
by spirometry. In a small case-control
study, marriage to a smoker was not as-
sociated with excess risk for chronic bron-
chitis (123).

New experimental and epidemiologic
studies have not consistently shown acute
effects of passive smoking on lung func-
tion level in asthmatic and nonasthmatic
children and adults. As described above,
Murray and Morrison (105) found lower
ventilatory function in asthmatic children
with smoking mothers. In a population
sample in Tucson, Arizona, Lebowitz
(124, 125) examined the relationship be-
tween passive smoking and daily symp-
tom occurrence and daily level of peak
flow. Statistically significant effects of
tobacco smoke exposure were not found
for either outcome in the 229 children
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and adults. In an experimental study, 1-h
chamber exposure of young asthmatics
to cigarette smoke did not reduce expi-
ratory flow rates and was, in fact, fol-
lowed by a small decrease in nonspecific
airways reactivity (126).

The accumulating evidence since previ-
ous reviews continues to demonstrate ad-
verse effects of passive smoking on the
lungs of children. Data from large popu-
lations showed significant effects onlung
function level and symptom occurrence
(91, 92, 102, 106). Results from follow-
up of the Bast Boston, the Harvard, and
the Tecumseh study cohorts (100, 101,
113, 114) suggested that the effects on
lung function should not be dismissed
as clinically insignificant.

Important research questions pertain-
ing to passive smoking and the child’s
lung remain unanswered, however (46,
127). The mechanisms of injury have not
been established, and the relative impor-
tance of exposures in utero, during in-
fancy, and later in childhood has not been
examined. Nevertheless, the available evi-
dence of adverse effects does provide suf-
ficient rationale for intervention. In con-
trast to the evidence for children, the data
on adults are more variable and do not
yet permit conclusive statements concern-
ing passive smoking during adulthood
and reductions of lung function and in-
creased respiratory symptom occurrence.

Lung Cancer. In 1981, reports were
published from Japan (128) and from
Greece (129) that indicated increased lung
cancer risk in nonsmoking women mar-
ried to cigarette smokers. Subsequently,
this controversial association has been ex-
amined in investigations conducted in
the United States, Scotland, Japan, and
Hong Kong. The association of involun-
tary smoking with lung cancer derives bi-
ological plausibility from the presence of
carcinogens in sidestream smoke and the
lack of a documented threshold dose
for respiratory carcinogenesis in active
smokers (130). Further, mutagenic activ-
ity can be found in the urine of nonsmok-
ers after passive exposure to tobacco
smoke (131, 132).

Time trends of lung cancer mortality
in nonsmokers have been examined with
the rationale that temporally increas-
ing exposure to environmental tobacco
smoke should be paralleled by increas-
ing mortality rates. Enstrom (133) calcu-
lated nationwide lung cancer mortality
rates for 1914 to 1968 and concluded that
arealincrease had occurred among non-
smoking males after 1935. However, oc-
cupational and environmental exposures
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TABLE 5
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COHORT AND CASE-CONTROL STUDIES OF PASSIVE EXPOSURE TO TOBACCO SMOKE AND LUNG CANCER

Study

Findings

Comment

Prospective cohort study in Japan of 91,540
nonsmoking females, 1966-1981 (138).

Case-control study in Greece of 40
nonsmoking female cases, 149 controls,
1978-1980 (129)

Prospective cohort study in the U.S. of
176,139 nansmoking females, 1960-1972
(134).

Case-control study in Hong Kong of 84
female cases and 139 controls,
1976-1977 (137, 138).

Case-control study in the U.S. with 22
female and 8 male nonsmoking cases,
133 female and 180 male controls (139).

Case-control study in the USA. 26 male
and 53 female nonsmoking cases with
matched controls, 1971-1980 (140).

Prospective cohort study in Scotland of
8,128 males and females, 1972-1982
(120).

Case-control study in Hong Kong with 88
nonsmoking female cases, 1981-1982
(141, 142).

Case-control study in the U.S. with 31 non-
smoking and 189 smoking female cases
{143).

~ Case-control study in the U.S. with 134

nonsmoking female cases (135).

Case-control study in England with 15 male
and 32 female nonsmoking cases, and
30 male and 66 female nonsmoking
controls (123).

Case-control study in Japan with 19 male
and 94 female nonsmoking cases, and
110 male and 270 female nonsmoking
controls (144).

Case-control study in Louisiana, Texas, and
New Jersey with 99 nonsmoking cases
and 736 controls (145).

Case-control study in New Mexico with 28
nonsmoking cases and 292 nonsmoking
controls (146).

Age-occupation adjusted SMR,* by husband smoking:
Nonsmokers—1.00
Ex-smokers—1.36
< 20/day—1.45
> 20/day—1.91

Odds ratios by husband smoking:
Nonsmokers—1.0
Ex-smokers—1.8
Current smokers < 20/day—2.4
> 20/day—3.4

Age-adjusted SMR, by husband smoking:
Nonsmokers—1.00
Current smokers < 20/day~1.27
> 20/day—1.10

Crude odds ratio of 0.75 associated with smoking
spouse

Odds ratios by spouse smoking: Nonsmokers—1.00
< 40 pack years—1.48
> 41 pack years—3.11

Odds ratio not significantly increased for current
exposure at home: Males—1.26
Females—0.92

Age-adjusted mortality ratios for domestic exposure:
Males—3.25
Females—1.00

Odds ratio of 1.24 (p > 0.40) for combined home and
workplace exposure. No association with cumulative
hours of exposure.

No significant effects of exposure from parents, spouse,
or workplace in smokers and nonsmokers.

Nonsignificant odds ratio of 1.22 if husband smoked.
Significantly increased odds ratio of 2.11 if husband
smoked 20 or more cigarettes daily at home. Sig-
nificant trend with number of cigarettes smoked at
home by the husband.

Overall odds ratio for spouse smoking of 1.1.

For females, odds ratio of 1.5 if husband smoked; for
males, odds ratio of 1.8 if wife smoked.

Adjusted odds ratio for marriage to a smoking spouse
was 1.5.

Adjusted odds ratio for marriage to a smoking spouse
was 3.2. No effect in active smokers.

Trend statistically significant. All histologies.

Trend statistically significant. Histologies
other than adenocarcinoma and bronchi-
oloalveolar carcinoma.

All histologies. Effect of husband smoking
not significant

Al histologies. Two reports are inconsistent
on the exposure variable.

Significant increase for > 41 pack years.
Bronchioloalveolar carcinoma excluded.

All histologies. Findings negative for
spouse smoking variable as well.

Preliminary, small numbers of cases.
All histologies.
Adenocarcinoma and squamous cell

carcinoma only.

All histologies. Careful exclusion of
smokers from the case group.

Hospital-based study.

Clinical or radiologic diagnosis for 43%. All
histologies.

Nearly 100% histologic confirmation. All
histologies.

All histologies other than bronchioloalveolar
carcinoma.

* Standardized mortality ratio.

other than environmental tobacco smoke
could explain the apparent mortality rate
increase in males. Garfinkel (134) did not
identify similar trends in nonsmokers in
the Dorn study of male U.S. veterans,
1954 to 1969, nor in the American Can-
cer Society’s study of males and females,
1960 to 1972. _
Epidemiologists have tested the assocl-
ation between lung cancer and involun-
tary smoking using conventional designs:
the case-control and cohort studies. The
results of both study designs may be af-
fected by inaccurate assessment of ex-

posure to environmental tobacco smoke,
by inadequate information on personal
smoking habits that leads to classifica-
tion of smokers as nonsmokers, and by
the misdiagnosis of a cancer at another
site as primary cancer of the lung. For
example, in the case-control study re-
ported by Garfinkel and colleagues (135),
13% of cases originally diagnosed as lung
cancer were reclassified to other sites
after histological review and 40% of the
cases initially classified as nonsmoxkers
by chart review were found to be smokers
on interview. The difficulty of accurately
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estimating exposures with questionnaires
and descriptions of a spouse’s smoking
may partly explain the variable findings
of the published studies. In fact, the va-
lidity and reliability of questionnaires on
involuntary smoke exposure have yet to
be comprehensively evaluated.

The evidence from the case-control
and the cohort studies does not uni-
formly indicate increased lung cancer risk
in persons exposed to environmental to-
bacco smoke, but most of the studies
indicate increased risk in nonsmoXkers

married to smokers (table 5). Hirayama
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(128) conducted a prospective cohort
study of 91,540 nonsmoking women in
Japan. Standardized mortality ratios for
lung cancer increased significantly with
the amount smoked by the husbands. The
findings could not be explained by con-
founding factors and were unchanged
when follow-up of the study group was
extended (136). After its publication, this
article received intensive scrutiny, and
correspondence in the British Medical
Journal raised concerns about statistical
methodology, population selection, un-
controlled confounding, and the seem-
ingly high relative risk; in his responses,
Hirayama satisfactorily rebuffed most of
these criticisms, although he could not
eliminate the possibility of unreported
smoking by women classified as non-
smokers (147). Based on the same cohort,
Hirayama has also reported significantly
elevated standardized mortality ratios for
lung cancer of 2.1 and 2.3 in nonsmok-
ing men with wives smoking 1 to 19 ciga-
rettes and 20 or more cigarettes daily,
respectively (136).

In 1981, Trichopoulos and colleagues
(129) also reported increased lung can-
cer risk in nonsmoking women married
to cigarette smokers. These investiga-
tors conducted a case-control study in
Athens, Greece, that included cases with
a diagnosis other than adenocarcinoma
or bronchioalveolar carcinoma and con-
trols selected at a hospital for ortho-
pedic disorders. The findings were un-
changed with expansion of the study
population (148).

The results of other subsequently re-
ported case-control studies have also
demonstrated statistically significant as-
sociations between involuntary smoking
and lung cancer (135, 144-146) (table 5).
The findings from the more recent re-
ports greatly strengthen the evidence
from the earlier studies. Several of the
newer studies included relatively large
numbers of nonsmokers (135, 144;145).
Furthermore, in most of these studies,
involuntary smoking was assessed in
greater detail than in the earlier reports
so that exposure-response relationships
could be more fully examined.

The results of 2 other investigations
have also been interpreted as showing an
increased lung cancer risk associated with
passive smoking, although both have
methodologic limitations. In Germany,
Knoth and colleagues (149) described a
series of 59 female lung cancer cases of
which 39 were in nonsmokers. Based on
census data, the report by Knoth and col-
leagues projected that a much greater

than expected proportion of these non-
smokers had lived in households with
smokers. This report did not include an
appropriate comparison series, however,
and the suitability of substituting census
data was not addressed by the authors.
In another recent report, Gillis and as-
sociates (120) described the preliminary
results of a cohort study of 16,171 males
and females in western Scotland; domes-
tic exposure to tobacco smoke increased
the lung cancer risk for nonsmoking men
but not for women. The report was based
on only 16 cases of lung cancer in non-
smokers, however.

The results of other investigations in-
dicate lesser or no effects of exposure to
environmental tobacco smoke (table 5).
In these studies, however, confidence
limits for the relative risks associated with
marriage to a smoker are wide and over-
lap with the confidence limits in the
studies with significant results (47). Two
separate case-control studies in Hong
Kong, where lung cancer incidence rates
in females are particularly high, did not
indicate excess risk from passive smok-
ing (137, 138, 141, 142). In the more re-
cent of the 2 studies, the questionnaire
comprehensively assessed cumulative ex-
posure from home and workplace sources
(141, 142). Lee and colleagues (123) re-
ported a hospital-based case-control
study in England. Although the investi-
gators considered that their findings in-
dicated little or no effect of involuntary
smoking, the case series was small.

The results of the American Cancer
Society’s prospective cohort study of mor-
tality in 176,139 nonsmoking women
have also been construed by many as
negative (134). However, the standardized
mortality ratios for the nonsmoking
women with husbands who smoked were
greater than unity but not significantly
greater. Repace (150) has suggested that
the mortality ratios in the American Can-
cer Society cohort have been reduced by
misclassification introduced by work-
place exposures, a factor not considered
in the original analyses. Recent and pre-
liminary results from a nationwide case-
control study also did not demonstrate
increased lung cancer risk from domes-
tic exposure to tobacco smoke (140). In
another case-control study that was per-
formed in Los Angeles, Wu and col-
leagues (143) did not find significantly
increased risk for adenocarcinoma as-
sociated with involuntary smoking in
smoking and nonsmoking women. These
investigators estimated exposure from pa-
rental smoking, spouse smoking, and
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workplace sources. The relative risk for
lung cancer was slightly, but not signifi-
cantly, increased by exposure from spouse
smoking and from smoking by coworkers.

At present, relatively few investigations
provide data on the hypothesis that in-
voluntary smoking is a risk factor for
lung cancer. The extent of data contrasts
with the more extensive literature cited
in the 1964 Surgeon General’s Report,
which characterized active cigarette smok-
ing as a cause of lung cancer (151). The
variability of the data on involuntary
smoking also contrasts with that on
active smoking. However, most of the
studies on involuntary smoking and lung
cancer have small numbers of cases, and
confidence intervals for the effect of in-
voluntary smoking in the various studies
would overlap. Variation in the results
of the studies may also reflect random
and nonrandom errors in the classifi-
cation of exposure to environmental
tobacco smoke. In fact, the problems of
dose estimation seem more difficult for
lung cancer than for other health effects
of involuntary smoking. The relevant ex-
posures may begin at birth and occur
under a wide variety of circumstances.
Thus, some inconsistency of the studies
would be anticipated.

In spite of the variable epidemiologic
evidence, environmental tobacco smoke
has been recently characterized as a re-
spiratory carcinogen. The International
Agency for Research on Cancer of the
World Health Organization (152) has
concluded that “passive smoking gives
rise to some risk of cancer.” The agency
supported this conclusion in its mono-
graph on tobacco smoking by citing the
characteristics of sidestream and main-
stream smoke, the absorption of tobacco
smoke materials during involuntary smok-
ing, and the nature of dose-response rela-
tionships for carcinogenesis. Appropri-
ately, the International Agency for Re-
search on Cancer argued on the basis of
biological plausibility rather than on the
basis of epidemiologic evidence.

The National Research Council (47)
and the U.S. Surgeon General (46) have
also concluded that involuntary smok-
ing increases the incidence of lung can-
cer in nonsmokers. In reaching this con-
clusion, the National Research Council
(47) cited the biological plausibility of
an association between environmental
tobacco smoke exposure and lung can-
cer and the supporting epidemiologic evi-
dence. This report carefully considered
the sources of bias that may have affected
the epidemiologic studies. Based on a
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pooled analysis of the epidemiologic data
and adjustment for bias, the report’s
authors concluded that the best estimate
for the excess risk of lung cancer in non-
smokers married to smokers was 25%.
The 1986 report of the Surgeon General
(46) characterized involuntary smoking
as a cause of lung cancer in nonsmokers.
This conclusion was based on the exten-
sive information already available on the
carcinogenicity of active smoking, on the
qualitative similarities between environ-
mental tobacco smoke and mainstream
smoke, and on the epidemiologic data on
involuntary smoking.

The extent of the lung cancer hazard
associated with involuntary smoking in
the United States remains uncertain, how-
ever (46, 153). The epidemiologic studies
provide varying and imprecise measures
of risk, and dosimetric aspects of in-
voluntary smoking in the respiratory tract
are not yet well understood. Risk estima-
tion procedures have been used to de-
scribe the lung cancer risk associated with
involuntary smoking, but assumptions
and simplifications must be made in or-
der to use this method. For example, Re-
pace and Lowrey (154) have recently cal-
culated that approximately 5,000 lung
cancer deaths occur annually in U.S. non-
smokers as a result of involuntary smok-
ing. The results of more refined risk esti-
mation models should be forthcoming.

Other Cancers. Recent reports suggest
that environmental tobacco smoke ex-
posure may increase risk of cancer at sites
other than the lung. One study found that
in children, maternal exposure to envi-
ronmental tobacco smoke during preg-
nancy was associated with increased risk
of brain tumors (155), and in another
study paternal but not maternal smok-
ing increased the risk of childhood rhab-
domyosarcoma (156). Such effects might
arise from smoking-induced changes in
germ cells of the parents or through trans-
placental exposure rather than as a di-
rect effect of smoke inhalation (157, 158).

In adults, involuntary smoking was
linked to a generally increased risk of
malignancy and to excess risk at specific
sites. Miller (159) interviewed surviving
relatives of 537 dececased nonsmoking
women in western Pennsylvania concern-
ing the smoking habits of their husbands.
A significantly increased risk of cancer
death (odds ratio = 1.94, p < 0.05) was
found in women who were married to
smokers and were also not employed out-
side their homes. The large number of
potential subjects who were not inter-
viewed and the possibility of informa-
tion bias detract from this report.

Sandler and colleagues (160-162) con-
ducte;l a case-control study on the effects
of childhood and adulthood exposures
to environmental tobacco smoke on the
risk of cancer. The 518 cases included all
cancers other than basal cell cancer of
the skin; the cases and the matched con-
trols were between 15 and 59 yr of age.
For all sites combined, significantly in-
creased risk was found for parental smok-
ing (crude odds ratio = 1.6) and for mar-
riage to a smoking spouse (crude odds
ratio = 1.5); the effects of these 2 ex-
posures were independent (162). Signifi-
cant associations were also found for
some individual sites: for childhood
exposure (161), maternal and paternal
smoking increased the risk of hemato-
poietic malignancy, and for adulthood
exposure (160), spouse’s smoking in-
creased the risk for cancers of the female
breast, female genital system, and the en-
docrine system. These findings are pri-
marily hypothesis generating and require
replication. Ina case-control study, such
as reported by Sandler and colleagues,
biased information on exposure to en-
vironmental tobacco smoke is of partic-
ular concern. Hirayama (136) has re-
ported significantly increased mortality
from nasal sinus cancers and from brain
tumors in nonsmoking women married
to smokers in the Japanese cohort. Ina
case-control study of bladder cancer, in-
voluntary smoke exposure at home and
at work did not increase risk (163).

These associations of involuntary smok-
ing with cancer at diverse nonrespiratory
sites cannot be readily supported with
arguments for biological plausibility. In-
creased risks at some of the sites, €.g, can-
cer of the nasal sinus and female breast
cancer, have not been observed in active
smokers (130). In fact, the International
Agency for Research on Cancer has con-
cluded that effects would not be pro-
duced in passive smokers that would not
be produced to a larger extent in active
smokers (152).

Cardiovascular Disease. While exten-
sive data establish active cigarette smok-
ing as a causal risk factor for cardiovas-
cular diseases (164), only a few studies
have addressed involuntary smoking as
arisk factor for these diseases. In the co-
hort of nonsmoking Japanese women,
Hirayama (165) found a small but statisti-
cally significant increased risk of death
from ischemic heart disease associated
with the husband’s smoking. Garland
and associates (166) prospectively de-
termined mortality from ischemic heart
disease in nonsmoking older women re-
siding in southern California. After ad-

1497

justment for established risk factors, mar-
riage to a smoking spouse was associated
with a relative risk of 2.7 (p < 0.10). Gillis
and colleagues (120) assessed the base-
line prevalence of cardiovascular symp-
toms and major electrocardiographic ab-
normalities in a population sample resid-
ing in Scotland and then determined
cause-specific mortality for up to 10 yr
of follow-up. In their preliminary report,
involuntary smoking was not associated
with the prevalence of cardiovascular
symptoms at baseline nor with cardio-
vascular mortality on follow-up. A case-
control study in England did not show
increased risk for ischemic heart disease
or for stroke in nonsmokers married to
smokers (123).

Total Mortality. Two cohort studies,
the previously mentioned study in Scot-
land (120) and an investigation of civil
servants and their spouses in Amsterdam
(167), provided information on invol-
untary smoking and mortality from all
causes. In the Scottish study, total mor-
tality was increased for women living with
a smoker but not for men (120). In con-
trast, mortality was not increased for
nonsmoking female subjects in the study
in Amsterdam (167). Neither study directly
controlled for other factors that influence
total mortality.

Summary. The effects of active smok-
ing and the toxicology of cigarette smoke
have been comprehensively examined.
When considered in the context of that
extensive information, the evidence on
involuntary smoking supports conclu-
sions concerning certain health effects.
In children, involuntary smoking in-
creases the occurrence of lower respira-
tory illness during infancy, increases the
frequency of chronic respiratory symp-
toms, and reduces the level of lung func-
tion. In adults, involuntary smoking is
a cause of lung cancer, but associations
with other diseases have not been une-
quivocally established.

Nitrogen Dioxide
Introduction. Nitrogen dioxide causes
lung damage at high concentrations (168,
169), but effects at levels currently en-
countered in outdoor and indoor air have
been difficult to characterize. Early stud-
ies focused on the health effects of am-
bient NO, (25). However, in the late
1970s, investigators recognized that in-
door NO, sources were also contribut-
ing to personal exposure and that indoor
concentrations often exceeded outdoor
concentrations in many homes (15). Con-
sequently, more recent studies have em-
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EFFECTS OF GAS COOKING ON RESPIRATORY ILLNESSES AND SYMPTOMS IN CHILDREN

Study Population

QOutcome Measure

Results

British Studies:
5,758 children, 6 to 11 yr of age,
England and Scotland (178).

2,408 children, 42% of original 5,758 in
above study (179).

4,827 children, 5 to 11 yr of age,
England and Scotland (179).

808 children, 6 to 7 yr of age, United
Kingdom (180).

191 children, 5 to 6 yr of age, England
(181).

390 infants, 0 to 1 yr of age, England
(182).

1,565 infants, 0 to 1 yr of age, England
(183).

Ohio Studies
441 upper-middle class families including
898 children less than 16 yr of age
(184).
120 families from first study, including
176 children less than 12 yr of age
(185).

Harvard Air Poliution Health Study:
8,120 children, 6 to 10 yr of age, 6 U.S.
cities (186, 187).

10,106 children, 6 to 10 yr of age, 6 U.S.
cities. Expansion of above study (92).

Other Studies:
6786 children, 3rd and 4th grades, Arizona
(188).

4,071 children, 5 to 14 yr of age,
Pennsylvania (189).

1,138 children, 6 to 12 yr of age, lowa
(91).

121 children, 0 to 13 yr of age,
Connecticut (190).

231 children, 6 yr of age, Netherlands
(191).

Major respiratory symptoms and diseases individually
and as a single composite variable describing the
presence of any 1 of 6 symptoms or diseases.

Single composite variable as described above.

Single composite variable as described above.

Single composite variable as described above.

Single composite variable as described above.

Respiratory illnesses and symptoms requiring physician
visits, assessed prospectively.

Respiratory ilinesses and hospitalizations assessed
prospectively to 1 yr.

Incidence of acute respiratory lllness, determined by bi-
weekly telephone calls.

Incidence of acute respiratory illness, determined by bi-
weekly telephone calls and validated by home visits.

History of MD diagnosed bronchitis, of serious
respiratory ililness before age 2, of respiratory illness
in last year.

Same as above.

Prevalence of asthma, wheeze, sputum, cough as
determined by parent-completed questionnaire.

Major respiratory illnesses and symptoms as
determined by parent-completed questionnaire.
Major respiratory symptoms and illnesses as deter-

mined by parent-completed questionnaire.

Number of days of illness.

Comparison of NO, levels in homes of cases (children
with asthma) and controls.

Significant asociations with gas cooking of
selected symptoms and diseases, and of
a composite variable.

Relative risk for composite variable
generally exceeded 1.0; risk varied and
decreased with age.

Significant effect of gas stoves on
composite variable in urban areas only.

Borderline significant association between
composite variable and gas stoves.
Increased prevalence as bedroom NO,
levels increased in a sample with
measurements (n = 80).

No significant assoclation between
bedroom NO, levels and prevalence of
composite variable.

No association between gas stove use and
respiratory illnesses and symptoms.

No significant association betwsen illness
or hospitalizations and use of gas for
cooking.

Respiratory iliness incidence similar in
homes using gas and electric stoves.

Respiratory illness incidence similar in
homes using gas and electric stoves,

Significant association between current use
of gas stove and history of respiratory Iil-
ness before age 2 (odds ratio = 1.23).

Odds ratio for history of respiratory iliness
before age 2 decreased to 1.12 (p = 0.07).

Significant association between use of gas
stove and prevalence of cough (prevalence
rate ratio = 1.97).

No significant association between use of gas
stove and any symptom or illness variable.

Significant association between current gas
stove use and hospitalization for respiratory
illness before age 2 (odds ratio = 2.4).

Number of days of illness associated with
average hours of heater use.

NO, distributions similar in homes of cases
and controls.

phasized sources and effects of indoor
NO, concentrations.

Exposure. Combustion of gas during
cooking and the burning of pilot lights
releases nitric oxide (NO), NO,, CO,
CO,, and water. On average, normal use
of an unvented gas cooking range adds
25 parts per billion (ppb) of NO, to the
background concentration in a home
(170). The increase is greater during cold
weather when the air exchange rate is usu-
ally reduced. During cooking with a gas
range, peak levels in the kitchen may
reach 200 to 400 ppb (10). Therefore,
measured personal exposures to NO, are
higher for persons living in homes with

gas stoves than for persons living in
homes with electric stoves (26, 41, 170).

Exposure to NO, from gas cooking
stoves and ovens is widespread. About
50% of homes in the United States have
gas cooking appliances; in some urban
areas, such as Los Angeles, more than
90% of homes are equipped with gas ap-
pliances (171). The potential importance
of NO, exposure indoors for health is un-
derscored by comparison of the federal
standard set for ambient air, 50 ppb an-
nual average, with levels measured in
homes with gas cooking appliances. Sex-
ton and associates (172) used data gener-
ated by personal, indoor, and outdoor
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monitoring to develop a computer model
for personal and indoor exposure. The
model was applied to residents of 6 U.S.
cities. Although none of the cities expe-
rienced concentrations above the federal
standard in outdoor air, the model pre-
dicted that more than 25% of the resi-
dents of homes with gas ranges would
have annual personal exposures over 50
ppb if ambient NO, concentrations aver-
aged 30 ppb.

Health Effects. Most studies of the
relationship between residential exposure
to NO, and health have focused on re-
spiratory symptoms and illnesses and on
level of pulmonary function. Experimen-
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TABLE 7
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EFFECTS OF GAS COOKING ON LUNG FUNCTION IN CHILDREN

Study Population

Lung Function Measure

Results

808 children, 6 to 7 yr of age, United Kingdom (180).

898 children, 0 to 15 yr of age, from 441 families,
Ohio (184).

8,120 children, 6 to 10 yr of age, 6 U.S. cities
(188, 187).

16,689 children, 6 to 13 yr of age, 7 areas in U.S.
(192).

676 children, 3rd and 4th graders, Arizona (188)

183 children, 6 to 12 yr of age, lowa (91).

9,720 children, 6 to 10 yr of age, 6 U.S. cities (92).

3,175 children, 5 to 14 yr of age, Pennsylvania (193).

PEFR, FEVo.7s, FEF 595
FVC, FEVqss

FVC, FEV,

FEVozs
FEV;
FEV,, FEFzs, FEFss25

FEV,, FVC

FVC, FEV,7s, FEF 2575, VMaXss, Vmaxs

No association with NO, levels or presence of gas
stove.

Data on children not presented separately. No
association with presence of a gas stove.

Overall reduction of 16 ml and 18 ml, respectively, for
FEV, and FVC in children from homes with gas
stoves.

Significant reduction of 19 ml associated with gas
stove use in older girls only.

No effect of gas stoves on pulmonary level or rate of
growth.

No change after isoproterenol challenge in children
from homes with gas stoves.

Significant reduction in FEV,, of 0.6% and FVC of
0.7%. Not significant after adjustment for parental
education.

No association with use of gas stove.

tal investigations support the choice of
these outcome measures; NO, may dam-
age the lung directly through its oxidant
properties or indirectly by increasing sus-
ceptibility to respiratory infections (169,
173). In animal models, NO, reduces the
efficacy of specific lung defense mecha-
nisms, and effects on mucociliary clear-
ance, the alveolar macrophage, and the
immune system have been demonstrated
(169, 174, 175).

Data on the health effects of NO, con-
centrations likely to be encountered by
the general population are derived from
experimental and epidemiologic studies.
The results of some human exposure
studies imply that levels comparable to
those measured in homes may increase
airways reactivity in some asthmatics, but
the results of other studies are inconsis-
tent (175-177). Although experimental
studies are useful for describing effects
of controlled exposures, they cannot ad-
dress the issue of chronic effects from
chronic lower level exposures. Numerous
epidemiologic investigations have now
been carried out to assess their relation-
ship.

The majority of these investigations
were cross-sectional surveys of school-
children (tables 6 and 7). The investiga-
tors generally assessed current symptom
status and retrospective illness histories,
as obtained by parent-completed ques-
tionnaire, and pulmonary function. Al-
though NO, levels were measured in sev-
eral of the investigations (180, 181, 194),
exposure was most often assessed by sim-
ple questions concerning type of fuel
used for cooking. Consistent evidence of
excess respiratory symptoms and illnesses
in children exposed to gas Stoves has not
been demonstrated (table 6).
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Early reports from two cross-sectional
surveys of schoolchildren in Great Brit-
ain indicated that children from homes
with gas stoves had a higher prevalence
of respiratory symptoms than children
from homes with electric stoves (178,
179). When one of the survey groups was
followed longitudinally, however, the rel-
ative risks associated with gas stove use
became highly variable and tended to de-
crease as the children grew older (179).
These same British investigators surveyed
a third group of 808 schoolchildren, and
measured NO, concentrations in the
homes of a small sample (n = 80 or 103).
The prevalence of respiratory symptoms
was higher in children from homes where
gas was used for cooking and increased
with higher bedroom NO. concentra-
tions, although both effects were of bor-
derline statistical significance (180). A
similar association between measured
NO, and respiratory symptoms was not
replicated, however, when these same in-
vestigators subsequently studied another
sample of 183 children (181). Two pro-
spective studies of infants in Great Brit-
ain also failed to demonstrate an associ-
ation between the use of gas for cooking
and respiratory illness (182, 183).

Data on children from the United
States are similarly inconsistent. Two
large cross-sectional studies, one involv-
ing the Harvard Air Pollution Health
Study (186, 187) and the other involving
schoolchildren in Iowa (91), have demon-
strated that reports of serious respiratory
illness before 2 yr of age (186, 187) and
hospitalization for respiratory illness be-
fore 2 yr of age (91) were more common
among children from homes with gas
stoves. When the original cohort in the
Harvard Air Pollution Health Study was

expanded, however, the odds ratio of 1.23
for serious respiratory illness before 2 yr
of age decreased to 1.12 (p = 0.07). In
the study of Ekwo and associates [CIOR
the effect of exposure to a gas stove var-
ied strongly and inconsistently with pa-
rental smoking habits. The effect was ab-
sent in homes where 1 parent smoked,
largest where both parents smoked, and
intermediate where neither smoked. This
pattern of interaction cannot be readily
interpreted biologically. Schenker and
colleagues (189) found no association be-
tween type of cooking stove and current
respiratory symptoms or previous illness
history in a cross-sectional survey of 4,071
schoolchildren in western Pennsylvania.

The relationship between stove type
and respiratory illness has also been stud-
ied prospectively. Keller and colleagues
(184, 185), in a study of 1,952 family
members of all ages in Ohio, found that
respiratory illness incidence did not vary
with stove type. More recently, Berwick
and coworkers (190) followed 121 chil-
dren for 3 months, 59 from homes with
kerosene heaters and 62 from homes
without such heaters. In a preliminary
analysis of their data, they found that
hours of heater use, which correlated
strongly (r = 0.70) with 1-wk integrated
NO, measurements, was significantly as-
sociated with the occurrence of illness
lasting for 1 or more days.

The data concerned with lung func-
tion level in children are similarly incon-
clusive (table 7). Of the 4 investigations
with large sample sizes (92, 186, 192, 193),
2 have demonstrated small but statisti-
cally significant effects of exposure to a2
gas stove (186, 192). In initial cross-
sectional analysis of data from the Har-
vard Air Pollution Health Study, Speizer
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EFFECTS OF GAS COOKING ON PULMONARY ILLNESS, SYMPTOMS, AND FUNCTION OF ADULTS

Study Population

Outcome Measure

Results

441 upper-middle class families, including
1,054 adults over 15 yr, Ohio (184).

120 families from first study, including 269
adults over 18 yr, Ohio (185).

1,724 adults, ages > 20 yr, Maryland (195).

708 adults, ages > 20 yr. Nonsmoking
sample of above population (196).

102 nonsmoking women in lowest quartile
of FEV, compared to 103 nonsmoking
women in highest quatrile, Michigan (121).

97 nonsmoking adult females, Netherlands
(194).

Incidence of acute respiratory illness, determined by
biweekly telephone calls.
Incidence of acute respiratory illness, determined by

biweekly telephone calls and validated by home visit.

Major chronic respiratory symptoms, FEV,, FVC.

Major chronic respiratory symptoms, FEV,, FVC.

Comparison of proportions of cases and controls
currently using gas stoves.

IVC, FEV, FVC, PEF, MEF,s, MEF,5, MMEF.

Respiratory illness incidence similar in
homes using gas and electric stoves.

Respiratory illness incidence similar in
homes with gas and electric stoves.

Association between gas stove use and
increased prevalence of respiratory
symptoms, FEV, < 80% predicted,
FEV,/FVC < 70%, found in nonsmoking
males only.

Significant association between gas stove
use and increased prevalence of chronic
cough and phlegm, low FEV,/FVC.

Marginal association between use of gas
stove and lower lung function, (odds
ratio = 1.8, p = 0.08).

Cross-sectional analysis showed an
association between current NO,
exposure and decreases in most
puimonary function measures. No
association with longitudinal decline in
puimonary function.

and associates (186) demonstrated aver-
age reductions, adjusted for parental
smoking and socioeconomic status, of
16 ml and 18 ml in the FEV, and the FVC,
respectively, in children from homes with
gas stoves compared to children from
homes with electric stoves. On expansion
of the cohort, however, the reductions in
FEV, and FVC, although still statistically
. significant, were 0.6% of predicted for
the former and 0.7% for the latter (92).
With adjustment for parental education,
the effects of exposure to a gas stove were
reduced by 30% and were no longer
statistically significant. Cross-sectional
analysis of lung function data collected
at the children’s second examination did
not show significant effects of stove type.
With extension of the follow-up interval,
the investigators assessed determinants
of pulmonary function growth and found
no effect of gas stove exposure (114).

Hasselbad and associates (192) ana-
lyzed data from the Environmental Pro-
tection Agency’s Community Health En-
vironmental Surveillance System. They
reported that in girls 9 to 13 yr of age,
gas stove exposure decreased FEV, s by
an average of 18 ml after adjustment for
parental education level and smoking sta-
tus. An effect was not observed in girls
6 to 8 yr of age nor in boys 6 to 13 yr
of age.

In another large cross-sectional study,
Vedal and colleagues (193) examined the
effects of stove type on spirometric vol-
umes and flow rates in a sample of 3,175
children ages five to 14 years. With ad-
justment for parental smoking and so-
cioeconomic status, exposure to a gas

stove was not significantly associated
with reduced lung function level.

The effects of gas stove exposure on
lung function level were assessed in 5
other investigations, but the sample sizes
were inadequate for detecting effects of
the magnitude found in the larger studies.
Keller and colleagues (184) performed
spirometry on 1 occasion in a sample of
the subjects in their surveillance study.
The data were not reported separately for
children, and overall there was no effect
of stove type. In 1 of the cross-sectional
surveys conducted in England, the inves-
tigators correlated lung function level
with 1-wk measurements of NO, in the
kitchen and in the childrens’ bedrooms
(180). With a sample of about 400 chil-
dren, significant effects of NO, were not
found. Dodge (188) and Ekwo and as-
sociates (91) did not find effects of stove
type on lung function measures in their
cross-sectional studies. Hosein and Corey
(110) examined the influence of 9 indoor
factors on FEV,, in 1,357 nonsmoking
white children from 3 U.S. towns, They
preliminarily reported that exposure to
gas stoves was significantly associated
with a 0.148-L reduction in FEV, level
in boys and 0.75-L in girls.

Only a few investigations provide data
on acute and chronic effects of NO, ex-
posure indoors on adults (table 8). Pro-
spective studies of acute respiratory ill-
ness occurrence have not demonstrated
excesses in residents of homes with gas
stoves (184, 185, 197). Cigarette smoking
and chronic respiratory diseases, poten-
tial confounding variables, were not con-
sidered in these studies.
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Potential chronic effects have also been
examined in populations of adults (ta-
ble 8). Comstock and coworkers (195)
reported that gas stove use was associated
with a significantly increased prevalence
of certain chronic respiratory symptoms
and of ventilatory impairment in non-
smoking men, but not in smoking men
or in women of either smoking status.
A subsequent reanalysis limited to the
never and former smokers showed sig-
nificant increases in chronic cough and
phlegm and in the prevalence of low
FEV,/FVCin association with gas stove
use in both sexes (196).

In a study of 97 nonsmoking rural
women from the Netherlands, personal
exposure estimates were created by com-
bining 1-wk measurements of NO, with
time-activity information (118). The in-
vestigators demonstrated a cross-sec-
tional association between lung func-
tion level and current NO, exposure but
failed to show an association between
retrospectively estimated exposure to
NO, and longitudinal decline in pulmo-
nary function during the antecedent 17
yr (194).

Using a case-control design, Jones and
associates (121) compared cooking fuel
exposures of 20- to 39-yr-old nonsmok-
ing women in the highest and lowest quar-
tiles of the lung function distribution
in the Tecumseh Community Health
Study. The odds ratio for the effect of
cooking with gas on lung function level
was 1.82 (p = 0.076).

Lebowitz and colleagues (124, 198, 199)
have evaluated acute effects of gas stove
exposure on lung function and symptoms
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in 229 subjects drawn from 117 Tucson
households. The families were sampled
from a larger study population to include
persons with and without asthma, aller-
gies, and airway obstruction. During a
2-.yr period, subjects completed symptom
diaries and monitored their peak flow
daily. Multivariate analyses indicated ad-
verse effects of gas stoves on symptoms
?.nd peak flow rate in asthmatics but not
in normal subjects (199). However, the
magnitude of the effectis difficult to de-
termine from the available publications.

Recently, Kasuga (200) proposed that
the urinary hydroxyproline to creatinine
ratio is a valid and sensitive indicator of
lung damage from environmental pollu-
tants, including tobacco smoke and NO;.
Hydroxyproline, an amino acid constit-
uent of collagen, is a product of colla-
gen catabolism; therefore, an increase in
its excretion reflects an increase in colla-
gen destruction.

Matsuki and associates (115, 201) con-
ducted a cross-sectional study of 820
schoolchildren and their 546 mothers
during both a summer and a winter pe-
riod. They measured subjects’ 24-h per-
sonal NO, exposures with filter badges
and collected early morning urine sam-
ples for evaluation of the hydroxyproline
to creatinine ratio. In multiple regression
equations, passive smoking status and
personal NO, were independent and sig-
nificant predictors of this ratio in both
schoolchildren and adult women in both
seasons. Distance from a main road, as
a surrogate for exposure to automobile
exhaust, was found to be a stronger pre-
dictor of the ratio in summer than in
winter in schoolchildren and a predictor
only during the summer in adult women.
A linear relationship was also found be-
tween the value of the ratio and the
amount of passive exposure to tobacco
smoke. Other studies, however, have not
shown relationships of the hydroxypro-
line to creatinine ratio with either pas-
sive exposure to tobacco smoke (116) or
with active smoking (117). Although the
hydroxyproline to creatinine ratio could
serve as a useful biochemical indicator
of lung injury by NO, exposure, further
investigations are needed to clarify am-
biguities in the available data.

Definitive statements concerning the
risk of NO, exposure from cooking with
gas stoves cannot be made at present. Al-
though many studies have examined re-
spiratory illnesses, respiratory symptoms,
and lung functionin children and adults,
their results are not consistent and are
not adequate for establishing a causal
relationship. Retrospective illness histo-
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ri‘es may be inaccurate and their results
biased by whether the subjects have symp-
toms or illness at the time of interview
(93). Variations in the characteristics of
the study populations and differing end-
points may partly explain the differences
among the studies. Confidence limits
have not been uniformly presented in the
studies on gas stoves, and the results of
many of the smaller studies that have
been judged as negative are probably
consistent with the larger studies that
show small effects.

Unfortunately, NO, exposures were
directly measured in only a few investi-
gations (180, 181, 191, 194), and in all of
these the measurements spanned at most
2-wk periods. In the other studies, cate-
gorical variables, indicating gas or elec-
tric stove use, were employed. However,
neither limited area measurements nor
variables for stove type tightly predict ac-
tual personal exposure (170). Thus, the
results of all investigations of the health
effects of NO, exposure from gas stoves
are affected by random misclassification.
This type of bias reduces the magnitude
of the observed association from the
value that would be found if the exposure
of subjects was correctly estimated (25).
Ozkaynak and associates (202) have shown
that misclassification introduced by the
use of a categorical variable for stove type
may introduce substantial underestima-
tion of the true relative risk values as-
sociated with the actual NO, exposure.

Bias from inadequate control of con-
founding factors must also be consid-
ered in interpreting the foregoing studies
(203). Confounding occurs when the ef-
fect of 1 variable on the outcome of in-
terest has not been separated from the
effects of other variables. For example,
maternal smoking has been associated
with reduced lung function level in chil-
dren. Confounding by maternal smok-
ing could arise in a particular study if
mothers of infants living in homes with
gas stoves were more likely to smoke.
With regard to NO; exposure from gas
stoves and effects on respiratory ilinesses
and symptoms,.and pulmonary function
in children, the potential confounding
variables include parental smoking, so-
cioeconomic status, and asthma. Active
smoking, occupational exposures, and
the presence of chronic respiratory dis-
eases should also be considered in adults.
Contro! of these potentially confound-
ing factors has been variable among pub-
lished studies (203), and in some studies
socioeconomic status has been treated as
a confounding factor. However, the ef-
fect of socioeconomic status represents
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a summation of the effects of associat-
ed environmental and familial factors,
one of which may be gas stove exposure.
Thus, control for socioeconomic status
may reduce the likelihood of finding an
effect of gas stove exposure.

Summary. The findings on NO, ex-
posure and respiratory illnesses indicate
that the magnitude of the NO, effect at
concentrations encountered in most U.S.
homes is likelv to be small. Groups with
particularly high exposures, such as the
urban poor who heat with ovens and
those who heat their homes with kero-
sene or gas space heaters, have not yet
been adequately investigated. The evi-
dence on respiratory symptoms and lung
function level in children and adults is
also inconclusive. However, because more
than half of U.S. homes have gas cook-
ing stoves and childhood respiratory ill-
ness is extremely common, even a small
effect of gas stoves would assume public
health importance. In order to detect as-
sociations of the anticipated small mag-
nitude, future investigations should em-
ploy direct measurement of exposure,
rather than surrogate variables. Infants
and other potentially susceptible groups
seern the most suitable populations for
study. Nevertheless, the epidemiologic
evidence implies that clinically relevant
effects of NO, from gas stoves are un-
common at the concentrations found in
most U.S. homes.

Carbon Monoxide
Introduction. Carbon monoxide is an
odorless, colorless gas with well-char-
acterized effects on oxygen transport
(204). Carbon monoxide interferes with
oxygen transport by avidly binding to he-
moglobin to form carboxyhemoglobin
and by shifting the oxyhemoglobin dis-
sociation curve to the left. It also binds
to myoglobin, but the physiologic sig-
nificance of the formation of CO-myo-
globin has not been established (205).
Carboxyhemoglobin reduces oxygen de-
livery to tissues, as does the hypoxia of
altitude. Tissues with the highest oxy-
gen needs, myocardium, brain, and ex-
ercising muscle, are most affected by
the formation of carboxyhemoglobin.
Research on the health effects of lower
levels of carbon monoxide exposure has
emphasized consequences for these or-
gans, particularly in subjects with dis-
cases that make these organs vulnerable
to reduced oxygen transport.

Exposure. Carbon monoxide has num-
erous sources in the home, the office, and
other environments. In the home, emis~
sions from gas appliances and cigarette
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smoke, and from vehicles in attached
garages may elevate CO levels. During
cooking with a gas range, hourly CO con-
centrations typically range from 2 to 6
ppm and 1-h averages may exceed 12 ppm
in conventional homes (28). One-hour
CO concentrations in small apartments
may reach twice the values in single-
family residences. Use of gas stove for
heating, a common practice among ur-
ban poor in northern climates, may in-
crease CO concentrations to 25 to 50 ppm
(206). Cigarette smoking is generally a
minor source of CO in homes (64). Other
combustion sources in homes are kero-
sene and gas space heaters (207-209).

Carbon monoxide exposure may also
be received in vehicles, particularty when
entry routes are available for CO from
exhaust (210). During urban commuting,
CO levels in cars may average 2 to 5 times
the concentrations generally measured in
homes and offices and by ambient air
monitors (211-213). Offices may be con-
taminated by vehicle exhaust because of
building design problems; high CO lev-
els may result (214).

Health Effects. Most evidence on the
health effects of low levels of exposure
to carbon monoxide, as generally en-
countered in indoor environments, has
been derived from experimental human
exposures. This line of investigation has
emphasized disease states that increase
susceptibility to reductions of oxygen
transport: coronary artery disease, pe-
ripheral vascular disease, and chronic ob-
structive pulmonary disease (204, 215,
216). While the evidence was once con-
sidered to indicate adverse effects of CO
at low levels in affected persons, much
of the data is now controversial.

Although the health effects of low lev-
els of CO exposure are controversial, the
problem of CO poisoning by indoor com-
bustion sources has been well described
and its dimensions should be recognized
by clinicians. The clinical manifestations
of CO poisoning primarily reflect the ef-
fects of reduced oxygen transport to or-
gans, such as the heart and brain, with
high oxygen demand. The neurologic
manifestations range from impaired
mentation and behavioral alterations
to coma (217, 218). Delayed and persis-
tent neurologic sequelae may follow CO
poisoning (218). Cardiac effects include
arrhythmias and myocardial infarction
@17).

The nonspecificity and diversity of the
manifestations of CO poisoning have
been emphasized (217). In fact, the di-
agnosis of CO poisoning is frequently

delayed while alternative diagnoses are
considered. In a series from France, the
most common misdiagnoses were food
poisoning, psychiatric disorders, cere-
brovascular disease, intoxication, and
heart disease (219). The finding of reti-
nal hemorrhages on fundoscopic exami-
nation should alert the clinician to pos-
sible CO poisoning (220, 221). Kelly
and Sophocleus (220) reported 12 cases
of subacute CO poisoning; retinal hem-
orrhages were found in each of the 5
patients exposed more than 12 h. The
incidence of CO poisoning may rise
with increased use of space heaters and
woodstoves.

Summary. Carbon monoxide poison-
ing is a well-documented clinical entity
that follows exposure to high levels of
CO. Effects of the lower levels of CO ex-
posure generally encountered in indoor
environments are controversial at present.

Woodsmoke

Introduction. Since the 1973 oil embargo,
there has been a resurgence of residen-
tial wood use in the United States. Dur-
ing the decade of the 1970s, the shipment
of woodstoves increased 10-fold and the
current inventory of woodstoves is es-
timated to exceed 11 million (222). Res-
idential woodburning typically occurs
under oxygen-starved conditions that
increase emission rates for CO, respir-
able particulates, and polycyclic aromat-
ic hydrocarbons. In many communities
where woodburning is common, ambient
concentrations of these pollutants have
increased as a result (223). The use of fire-
places and stoves may potentially result
in increased indoor concentrations of
smoke components by reentrainment of
outdoor air or by direct leakage into in-
door air.

Exposure. Few assessments of the im-
pact of woodburning stoves and fire-
places on indoor air quality have been
performed. Limited evidence suggests
that the rate of pollutant emissions from
a wood-burning source depends primar-
ily on the degree of air-tightness of the
source. Under proper operating condi-
tions the newer “airtight” residential
woodstove is under negative pressure and
should not leak combustion by-products
into the home. However, under non-air-
tight operations and during startup, stok-
ing, and reloading, pollutants can be
emitted indoors. Traynor and colleagues
(224) reported indoor CO concentrations
of 0.4 to 2.8 ppm during operation of
“airtight” stoves, whereas average levels
of 1.8 to 14 ppm occurred during opera-
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tion of “non-airtight” stoves. For sub-
micron sized particles, indoor concentra-
tions were slightly above background
(zero to 30 pg/m?) during the use of “air-
tight” stoves and substantially higher with
the “non-airtight” stoves (200 to 1,900
pg/m?). Indoor concentrations of 5 poly-
cyclic aromatic hydrocarbons greatly ex-
ceeded outdoor levels when the “non-
airtight” stove was used (224).

These results are consistent with the
findings of a study of personal exposures
to respirable particulates in a rural com-
munity with substantial woodburning for
winter heating (225). Analysis of respira-
ble particulate data collected over 7 days
of sampling in 24 homes in Waterbury,
Vermont, suggested that homes with air-
tight woodburning stoves have about 4
pg/m?® higher indoor concentrations than
do the homes without woodburning
stoves (225). The elemental composition
of indoor and outdoor particles was ex-
amined for 5 of these homes. Using the
elements as tracers for wood, automo-
bile exhaust, and other sources of parti-
cles, as well as for measuring penetration
of ambient air, the investigators con-
firmed that the increased indoor parti-
cle levels were due to woodburning.

Elevated concentrations of pollutants
may also be caused by woodburning in
fireplaces. Moschandreas and colleagues
(63, 226) reported benzo(a)pyrene and
respirable particulate levels indoors and
outdoors from a series of measurements
made in 3 homes, 2 with fireplaces and
the third with a woodstove. The outdoor
concentrations of benzo(a)pyrene rarely
exceeded 1 ng/m?. The indoor benzo(a)-
pyrene concentrations were substantially
higher than outdoors on days when the
woodstove was used, averaging 4.7 ng/m?
indoors. Benzo(a)pyrene was only meas-
ured on 1 woodburning day for 1 home
with a fireplace. On this day, the in-
tegrated particle samples indoors ex-
ceeded 11 ng/m?® benzo(a)pyrene, while
those outdoors were less than 0.5 ng/m>.
Respirable particulates were also elevated
in all 3 residences on woodburning days.
Levels ranged from 14.3 to 72.5 pg/m?
in the home with the woodstove, and were
159.9 and 67.6 ug/m?® on 1 woodburning
day in each of the homes with a fireplace.
The investigators concluded that wood-
burning in a stove or a fireplace may be
an important source of indoor pollution.

In summary, airtight woodstoves con-
tribute relatively low concentrations of
particulates, CO, and polyaromatic hy-
drocarbons to the indoor environment.
Woodburning in fireplaces and non-
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airtight woodstoves may lead to substan-
tially higher levels of these pollutants.
Nonetheless, woodsmoke is a complex
mixture and only a few of its components
have been measured in homes. For ex-
ample, measurements of aldehydes such
as acroleih have not been performed dur-
ing residential woodburning. However,
the characteristic smell of woodburning
in stoves and fireplaces indicates that
odorous compounds, some of which are
most likely aldehydes, are released by
combustion of wood. Further assessment
of the impact of woodburning on indoor
air quality is needed to describe fully the
range of contaminants produced and
their concentrations under differing con-
ditions of operation and combustion.
Heaith Effects. Limited data have been
published concerning the health effects
of residential wood combustion. In vitro
experiments demonstrate that emissions
from a woodstove induce sister chromatid
exchange (227) and are mutagenic, as as-
sessed by the Ames Salmonella assay
(228). Using a rabbit model, Fick and
colleagues (229) studied the effects of
woodsmoke on pulmonary macrophages.
They reported that smoke-exposed rab-
bits, in comparison with controls, pro-
duced significantly more cells of all types
on bronchoalveolar lavage, and that the
rabbit macrophages exhibited a decrease
in adherence, phagocytic rate and bac-
terial uptake. Macrophage viability and
bactericidal processing were not affected.
Wong and coworkers (230) evaluated the
response of guinea pigs to woodsmoke
with repeated CO, challenges. After ex-
posure, respiratory frequency decreased
and ventilatory response to CO, was di-
minished. These effects were transient
and full recovery occurred within 3 days.
Only a few epidemiologic studies on
the health effects of woodsmoke have
been performed. Studies from less devel-
oped countries indicate an association
between intense smoke exposure in dwell-
ings and chronic pulmonary disease. In
a house-to-house survey of adults more
than 20 yr of age in Nepal, Pandey (231
found that chronic bronchitis was equally
prevalent in men and women, affecting
18.9%, in contrast to the male prepon-
derance usually observed. Further anal-
ysis of the data demonstrated an associ-
ation between prevalence rates for chron-
ic bronchitis and domestic smoke exposure
as measured by the number of hours
spent daily near the stove (232). Pandey
and colleagues (233) subsequently evalu-
ated respiratory function of 150 women
ages 30 to 44 yr from 2 rural villages in
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Nepal. In cigarette smokers, spirometric
test results worsened as reported hours
of smoke exposure increased, but a simi-
lar effect was not present in nonsmokers.

Master (234) randomly selected 94 New
Guinea residents for a health evaluation
that included a complete history and
physical examination. The prevalence of
clinical symptoms or abnormal pulmo-
nary findings was extremely high at all
ages; 90% of subjects 40 yr of age and
older were affected. Although Master
collected only descriptive clinical data
and no information on exposures, he at-
tributed the high prevalence of abnor-
malities to domestic smoke exposure.
Based onthe findings of a cross-sectional
study, Anderson (235) has also suggested
that woodsmoke exposure contributes to
the development of chronic lung disease
in adults in New Guinea.

Respiratory effects of woodsmoke have
also been examined in children from
less developed countries. Anderson (236)
conducted a cross-sectional study and a
longitudinal study to assess the effects
of woodsmoke pollution on children in
New Guinea. He evaluated 1,650 children
drawn from 2 contrasting communities,
1 at sea level where wood was not burned
and 1 in the highlands where wood was
commonly burned. The 2 groups did not
differ on spirometric testing, physical ex-
amination, or clinical history. He also fol-
lowed 112 children with differing levels
of woodsmoke exposure and did not find
a consistent relationship between ex-
posure and respiratory abnormalities
during a 30-wk surveillance period. In
contrast, Kossove (237) reported that
Zulu infants less than 13 months of age
with severe lower respiratory tract dis-
cases were twice as likely to have a his-
tory of daily heavy smoke exposure as
were infants without such disease.

Although these studies implicate do-
mestic smoke exposure as a risk factor
for the development of respiratory dis-
ease in less developed nations, their
results should not be generalized to more
developed nations. The exposures are
orders of magnitude lower on average in
more developed countries than in less de-
veloped countries. In the less developed
countries, low efficiency stoves are used
for long periods of time in small huts with
poor ventilation, and agricultural waste
and dung are often used as fuel (238).
These conditions may lead to particulate
and benzo(a)pyrene levels that are 10 to
100 times higher than those found inUS.
homes with woodburning stoves (239).

Data on health effects of residential
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wood combustion in the United States
are sparse. In a case report, Honicky and
colleagues (240) described an infant with
recurrent hospitalizations for severe lower
respiratory tract disease characterized by
wheeze and pneumonia. The child im-
proved when hospitalized and then re-
lapsed within 12 h after returning home.
After the parents removed their wood-
stove, the child’s illnesses ceased. This
case prompted the investigators to con-
duct a prevalence study of respiratory
symptoms in 62 children inMichigan, 31
from homes with and 31 from homes
without woodburning stoves (241). Using
a standardized questionnaire, interview-
ers asked parents about their children’s
respiratory symptoms during the pre-
vious winter. Symptoms were classified
as present or absent and as mild, moder-
ate, or severe. The proportion of children
with moderate or severe symptorms was
much greater in the group from homes
with woodstoves: 84% of children in this
group reported at least 1 severe symptom
as compared to 3% of the control group.
Parental smoking and socioeconomic
status were similar in both groups.

In a study of similar design in Mas-
sachusetts, Tuthill (242) retrospectively
ascertained episodes of acute respiratory
illnesses from January through March
from 399 parents of school-age children.
In contrast to Honicky’s results, use of
a woodburning stove was not associated
with chronic respiratory disease, symp-
toms such as fever, sore throat, rhinitis,
cough and wheeze, Or €xcess (more than
1) respiratory illness. Differences in study
populations, type of wood burned or
ascertainment of illness may explain the
conflicting results of these studies.

Another potential hazard of wood-
burning stoves is illustrated by a recent
case report of a Wisconsin family that
experienced arsenic poisoning (243).
Over a 3-yr period, the family displayed
a variety of symptoms ranging from
rashes and muscle cramps to seizures and
loss of consciousness. An environmen-
tal evaluation of their house revealed that
they were burning plywood treated with
a chromium-copper-arsenate mixture in
their stove.

Summary. Woodsmoke is a complex
mixture of gases and particles that has
a wide range of potential respiratory ef-
fects. The unconfirmed observations of
Honicky and colleagues (241) that wood-
smoke causes acute respiratory illnesses
and symptoms in U.S. children require
further study. Investigations in less de-
veloped countries suggest that domestic
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smoke exposure contributes to the devel-
opment of chronic lung disease. This im-
portant hypothesis cannot be tested with
sufficient sensitivity in most populations
in the United States but should be pur-
sued in appropriate locales. Recurrent se-
vere respiratory disease with no underly-
ing causes in an infant should prompt
the clinician to determine whether a
woodstove is present in the home. In these
situations, a therapeutic trial of discon-
tinuing its use seems warranted.

Addendum

During 1987, several new sources of informa-
tion on indoor air pollution and health have
been published. The 4th International Con-
ference on Indoor Air Quality and Climate
was held in August 1987. The proceedings
were published by the Institute for Water, Soil
and Air Hygiene in Berlin (mailing address:
Institut fiir Wasser-, Boden- und Lufthygiene
des Bundesgesundheitsamtes, Corrensplatz 1,
D-1000 Berlin 33). The U.S. Environmental
Protection Agency report “EPA Indoor Air
Quality Implementation Plan” and its appen-
dices provide a comprehensive review. Two
new reports on environmental radon are avail-
able: “Lung Cancer Risk- from Indoor Ex-
posure to Radon Daughters,” Publication 50
of The International Commission on Radio-
logical Protection, and the report of the Bio-
logical Effects of Ionizing Radiation (BEIR)
IV Alpha Committee of the National Acad-
emy of Sciences.
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Samet et al. 1987 - Health effects and sources of indoor air
pollution Parts I and II (NOTE: Jonathan Samet is the chair of the
NAS panel)
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